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ABSTRACT 
Application of optimization techniques for determining the optimal operating policy 
for reservoirs is a major title in water resources planning and management. The main aim of this 
research was to explore the efficiency and effectiveness of the applicability of optimization 
technique for multi-reservoirs operation for irrigation purpose. Shuffled Complex Evolution 
Algorithm that couples complex shuffling with Genetic Algorithms, governed by evolution 
techniques, have developed to be popular to solve optimization problems. In the present study 
Shuffled Complex Evolution (SCE) algorithm that is embedded in MIKE HYDRO model, a very 
versatile and multipurpose modelling tool has been used to develop reservoir operation policy. 
Three reservoirs in the Gelgel Abay Catchment were optimized through minimization of 
irrigation demand deficit. Irrigation water demand that serves 7,800 ha was assessed using 
MIKE HYDRO for Jemma irrigation scheme. For Koga irrigation scheme, the irrigation water 
demand was raised by increasing the irrigation command area from 6000 ha to 7600 ha. And for 
Gelgel Abay the command area was increased from 10,310 ha to 13,500 ha. Incorporating this 
input data, the integrated system was simulated to observe the system response. There was 
irrigation water demand deficit that varies yearly in all irrigation schemes. The optimization was 
based on the simulation results that serve as an input. The objective function used is to minimize 
the root mean square of errors between the monthly reservoir release and irrigation demand 
along with squared deviation in mass balance equation. The decision variables are monthly 
reservoir releases for irrigation, minimum downstream releases and initial storages in reservoir 
at beginning of the month. The constraints for this optimization are the limits for the reservoir 
releases and reservoir storage capacity. The results obtained using optimization technique shows 
that the downstream irrigation demands are totally fulfilled and also considerable amount of 
water is saved when compared with simulation results. 
Keywords: Demand, Deficit, MIKE HYDRO, Reservoir Operation, Simulation, Optimization, 
Koga, Jemma, Gelgel Abay, and rule curve 
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CHAPTER 1. 
INTRODUCTION 
1.1 General background 
Due to its geographical location and favorable climate condition, Ethiopia receives a relatively 
higher amount of rainfall. This helps the country to call itself as “water tower of East Africa”. 
However, there is uneven spatial and temporal distribution of water resource. Ethiopia has 
twelve river basins, nine wet and three dry. Between 80-90% of Ethiopia’s water resources is 
found in four river basins namely Abay, Baro-Akobo, Omo-Gibe and Tekeze in the West and 
South Western part of the country. The rest 10-20% of the resources is in East and Central river 
basins where 60% of the population reside (MoWR 2001). 
This spatial and temporal variability clearly indicates the need for effective and optimized water 
resource utilization in the country. Many reservoirs in Ethiopia are dry in dry season indicating 
their empirical reservoir operational policy. It is very fundamental to outline that reservoir 
operation policies should be thoroughly customized to climate change and economic benefits 
(WorldBank 2006). 
Reservoir operations should consider different conditions like water requirement for the region 
and hydrological and metrological changes to obtain best result. Complexity in reservoir 
operation arises as it involves hydrologic system, size of river basin and variability of rainfall, 
runoff and ground water. In design and operation of reservoirs, system analysis is often 
employed due to the number and interdependence of its components. Two well-known 
Techniques were employed in planning, design and operation of water resources system study 
(Wurbs 1991). These are simulation and optimization techniques.  
Due to its mathematical simplicity and flexibility, simulation is possibly the most widely 
applicable method to evaluate alternatives.  Simulation is a substitute for “what if” question and 
there by offering a quick way to assess the expected system performance. But simulation 
techniques do not sort out optimal design and operation policy. Simulation may be deterministic 
or stochastic. If the system is subjected to random input events or generates them internally, the 
model is said to be stochastic. But if no random components are involved, the model is said to be 
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deterministic (BIS 1994). Out of these models, stochastic simulation is best suited for reservoir 
operation studies. 
On the other hand, optimization is the science of choosing the best solution based on 
mathematical logic to get best operation policies without assessing all likely alternatives. 
Optimizing an existing water resources management strategy can be a low cost investment with 
considerable benefits.  The objective of the optimization and the possible measures to achieve 
the objective depend on the application. Some of the methods in optimization techniques include 
Linear Programming (LP), Non-Linear Programming, Dynamic Programming (DP), Genetic 
Algorithms (GA), fuzzy networks and the like. Out of the various optimization models LP and 
DP have been most commonly used for solving reservoir operation problems(BIS 1994). LP is 
concerned with solving special type of problems where all the constraints and objective functions 
to be optimized are linear. LP is a very favored optimization technique because it is easy to 
understand and does not require any initial solution. However, since most of the constraints 
involved in solving reservoir operation problems are non-linear, considerable care should be 
taken. Dynamic Programming is a method where sequential decision problems are divided into 
sequential interrelated but separate sub problems with single decision. Likewise, complex and 
large problems can be solved by combining solutions of sub-problems to reach solution of the 
whole problem. Dynamic Programming technique has been widely accepted for formulation of 
reservoir operation policies primarily due to its ability to contain non-linear functions. 
Reservoir operation optimization is an area that has attracted broad research over the years. 
Optimization of water resources systems is related not only to the physical structures and their 
functional characteristics but also the criteria by which the system is operated. 
There are many decision making variables that have different constraints. A reservoir operation 
problem can be considered as a decision making problem. Optimizing reservoir operations 
incorporate allocation of resources, development of stream flow regulation strategies, operating 
rules and real-time release decisions in its bodily constitution. A reservoir regulation plan, which 
is sometimes referred to as operating procedure or release policy is a group of rules quantifying 
the amount of water to be stored, released or withdrawn from a reservoir or system of reservoirs 
under various conditions. So far, optimization methods have been implemented for both planning 
purposes and for real time operation. Real time reservoir operation deals with the optimal 
operation of an existing reservoir system and decisions about releases have to be made in 
 3 
 
reasonably short time periods. In determining optimal policy, storages for the ending time of 
period optimized are necessarily to meet the required target ending minimum storages at this 
time point. This system state is desired to be applicable to satisfactory future operations. In other 
words, it is desired to establish the optimum release policy over the release periods specified, 
which shall result in a set of target ending minimum storages in the final policy period that 
makes sure of being adequate for future system operations. In a typical manner, the optimization 
model deals with constraints such as: continuity equation, maximum and minimum storages in 
the reservoirs, maximum and minimum releases from the reservoirs and some case-specific 
obligations. 
The most commonly accepted objectives are the optimality of the water supply for irrigation, 
industrial and domestic use, hydropower generation, water quality improvement, recreation, fish 
and wildlife enhancement, flood control and navigation. 
1.2 Problem Statement 
In general, Ethiopia has an annual rainfall apparently adequate for food crop production and 
pasture for livestock. The spatial and temporal distribution of the rainfall, however, is too uneven 
(MoWR 1999). Much of the eastern part of Ethiopia receives very little rain while the western 
part, the highland areas in particular, enjoy adequate rainfall. Reliable food supply is almost 
impossible due to the temporal imbalance in the distribution of rainfall and the consequential non 
availability of the required water at the required period. This is a frequent phenomenon in 
Ethiopia. Sometimes even the western highlands of the country suffer from food shortages owing 
to discrepancies in rainfall distribution(MoWR 2001). Traditionally, fixed reservoir rule curves 
are used for guiding and managing the reservoir operation. Reservoir operation involves many 
decision variables and multiple objectives as well as risk and uncertainty. In addition, conflicting 
objectives lead to significant challenges for operators in making operational decisions. 
Customarily, empirical procedures, operator’s subjective judgment and embracing rule curves 
have been used. These curves specify reservoir releases according to different controls such as 
current reservoir levels, hydrological conditions, water demands, and time of a year. Established 
rule curves, however, are often not very efficient for balancing the demands of different users. 
And the very situation of too much water in the rainy season and too little water in the dry season 
causes many difficulties in reservoir operation.  
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These and other related issues led to problems reservoir over sizing which affects economical 
soundness of projects, failure of the reservoirs to achieve their design periods due to lack of 
enough water and lack of fulfilling the minimum discharge required for ecological balance, 
which causes uneconomical utilization of catchment’s water resources. 
So to overcome such complexities in water resource utilization, cost effective and efficient water 
use operation policy has to be planned. To-do such a thing optimized reservoir operation rule 
curves play a vital role. Creating a healthy socio economic and environmental outcome  
1.3 Objective of the Study 
Main Objective: 
In Gelgel Abay watershed there are three reservoirs, one operational and two of them are 
proposed. The general objective of this study is to develop an optimized reservoir operation 
policy for the three reservoirs in Gelgel Abay watershed.  
Specific objectives: 
 Observe the upstream reservoirs impact on stream flow alteration to the 
downstream reservoir. 
 Check the reservoirs operation by maximizing irrigation command area for Koga 
and Gelgel Abay irrigation schemes.  
 Observe system response to the integrated reservoir operation through simulation 
and check the results 
 Using optimization, minimize irrigation water demand deficit and obtain resulting 
reservoir operation policy for the integrated reservoirs 
1.4 Rationale  
Now a days water resource planning and management mainly focuses on optimized utilization 
of water resource. It is clear that Ethiopia is known for its rich water resource. But traditional 
approach for guiding and managing reservoir operation considering different controls like 
current reservoir levels, hydrological conditions, water demand and time of the year will have a 
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major impact in the future as population increases and climate change due to natural and 
manmade problems raises swiftly. Ethiopia mainly relies on irrigation and hydropower 
development for its socio economic growth. These sectors in turn will not attain the desired 
target without proper utilization of water resources. Therefore, optimization of water resources 
utilization is the key to the future.    
1.5 Scope of the Study 
This research mainly aimed at incorporating an alternative practice to assess reservoir operation, 
which is optimization technique for the integrated multi reservoir operation. And to show its 
decisive role in water resources utilization and management by taking Gelgel Abay Catchment as 
a case study.    
1.6 Thesis Outline 
The thesis work is organized in seven chapters and associated appendixes. The first chapter is an 
introduction that includes back ground, statement of the problem, objectives, rationale, scope of 
the study and the overall thesis outline. 
Chapter two provides a description of the study area, including the main characteristics of the 
Gelgel Abay river basin including the location, rainfall characteristics, land use, geography and 
drainage sub basins.  
Chapter three is literature review and discourses about methods how to manage water resources 
at a river basin scale and general river/reservoir simulation and operation techniques. The chapter 
reviews the available simulation models and describes the MIKE BASIN model, its 
characteristics and applications. Besides, the general condition and previous studies conducted in 
the basin are broadly discussed in the chapter. 
Chapter four covers, in detail, the methodology of this research. Data requirements, 
managements and sources are discussed including, simulation and optimization based on MIKE 
Hydro model for Gelgel Abay Catchment and the data inputs, procedures and steps for the model 
consumption were thoroughly analyzed. 
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Chapter five covers a brief explanation about the research results and discussions of the study. 
Conclusions and Recommendations of the thesis work are discussed in Chapter six. 
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CHAPTER 2 
THE STUDY AREA 
 
2.1 General Background of Gelgel Abay Sub basin 
Population growth is becoming a major concern that will place enormous additional pressure on 
the land use. Indeed, it is clear that the land as a whole cannot possibly absorb the expected 
population, and alternate means of livelihood must be created. Reservoir is a large water body 
i.e. artificially created due to the construction of dam across the river. Reservoir serves to store 
large volume of water during the rainy seasons when the stream flood flow is high and uses to 
maintain the constant flows throughout the year for the period of low flow. Hence, it protects the 
large flood damages downstream of the low land areas and stores a considerable volume of 
water. The stored water is used for different water related activities such as water supply, 
irrigation, hydropower generation etc. Depending up on the capacity of the dam, the reservoir 
area, and the hydrological condition of the area, the stored water is used within the year or it 
serves more than one-year period. 
The introduction of irrigation will make farmers feel more secure about their basic food supply 
and enable them to diversify their crops based on local market demand and export opportunities. 
The land and water resources in the area are suitable for irrigation development. Experience from 
small-scale irrigation schemes has demonstrated that a range of crops could be grown profitably 
during the dry season, without affecting the production of staple food crops during the rainy 
season. To enhance the economic viability of investments in infrastructure, it is important that 
irrigation development efforts be focused on achievement of the benefits described above. The 
proposed dam & reservoir projects will develop irrigated agriculture, thereby generating a 
demand for agricultural support services, as well as infrastructure development and will enable 
farmers to fully benefit from more reliable access to sources of water. 
  The soils erosion by water in the watershed is the dominant form of erosion. The depth of the 
soils in these places is shallow. The fertility status of most of the soils is poor and farmers 
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squeeze a living from the pockets of the shallow soils. Gullies are a frequent and permanent 
phenomenon everywhere in the watershed. Besides the decrease of the cultivable land, the soil 
erosion, and gully-formation and expansion reduce the water holding capacity of the soils and, 
consequently, results in poor crop yields. The results of identifying the most degraded and 
susceptible to erosion areas, and working an active Watershed Management Plan, may contribute 
to the reduction of the reservoir sedimentation and help the soil conservation and improve 
agricultural conditions (MacDonald 2006). 
2.1.1 Location 
Gelgel Abay catchment is the largest of the four main sub-basins of Lake Tana Basin. This 
catchment is the largest of the four catchments, namely Gilgel Abbay, Gumara, Ribb, and 
Megech. this catchment contributes up to 30 % of inflow (Sine 2004) to Lake Tana. The main 
river in this area is Gelgel Abay River that originates from springs, considered as sacred water by 
the local people, located at an elevation 2750 m a.m.s.l near Mt. Gish. The catchment area 
upstream of Lake Tana is around 5000 km2. The catchment has two gauged sub-catchments, 
Upper Gelgel Abay and Koga that have size of 1644 km2 and 259 km2, respectively. 
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Figure 2-1 location and basin map of the study [source:-Feasibility study of Lake Tana 
Sub-Basin Dam Project, 2009]. 
In Gelgel Abay watershed, three reservoirs are proposed for irrigation development. Koga 
reservoir is under operation and the other two reservoirs, Jemma and Gelgel Abay reservoirs are 
proposed for multipurpose projects (Figure 2-1). The hydrologic year starts in April at the 
commencement of the soil moisture recharge, includes the wet period (May to September) in 
which almost all rainfall is received and ends in March after maximum utilization of the stored 
soil moisture. 
2.1.2 Topography 
Gelgel Abay catchment is located south of Lake Tana. Rugged mountainous topography 
characterizes the southern part of the catchment and along its periphery in the west and 
southeast. The remaining portion of the catchment is typically low laying plateau. The elevation 
ranges from 1787 m to 3524 m a.s.l. 
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2.1.3 Climate 
The temperature variations throughout the year are minor in the study area. The humidity varies 
between 58% and 80% in May and August, respectively. During the period June to August the 
sunshine duration of the area is reduced to 3.6 to 5.2 hours daily (Sine 2004). The climate of the 
high elevation areas can be considered as a temperate and that of the low elevation areas as 
tropical. The local climate classification in Ethiopia bases on elevation and temperature. In other 
words, depending on elevation for any area there is associated mean annual temperature range. 
This enables identifying traditional climate zone of a given area.  
Rainfall in the Gelgel Abay catchment originates from moist air coming from Atlantic and Indian 
oceans following the north-south movement of the ITCZ. Different studies conducted on Lake 
Tana Basin and Blue Nile Basin (Sine 2004, Abitew 2008)  indicated that hydrological year of 
the study area is characterized by one main rainy season between June and September, in which 
70% to 90 % of the annual total rainfall occurs. Observation of rainfall data of surrounding 
meteorological stations indicates variation of rainfall amount in the area with a decreasing trend 
from south to north; for example, long term mean-annual rainfall at Sekela (station at the south 
most of the catchment) and Abay Sheleko (centres of the catchment) stations are 1870 mm and 
1020 mm, respectively. 
The three traditional climate zones of Ethiopia are: Kola (elevation less than 1800 m amsl and 
mean annual temperature 20 – 28 0c), Woina Dega (elevation between 1800 m and 2400 m amsl 
and mean annual temperature 16 – 20 0c), and Dega (elevation between greater than 2400 m amsl 
and mean annual temperature 6 – 16 0c). Fig. 2-3 shows that in the traditional classification of 
climate majority of Gelgel Abay catchment falls in the Woina Dega zone. 
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 Figure 2-2 Traditional climate classification of Gelgel Abay Catchment 
2.1.4 Drainage network  
 Locally the stream emerging from springs near Sekela (Gish Abay) village is called Abay. It has 
got the same name over a 95 km length while it is joined by Guder, Dabola, Gugri, Libsi and 
Ashar rivers. Jemma River some distance upstream of the gauging station near Wetet Abay it 
gets the name Gelgel Abay. Gelgel Abay River is joined by Koga River downstream of Wetet 
Abay town after making its route of over 97 km from its source. Koga River is the main tributary 
of Gelgel Abay and flows over a 64 km (Mott MacDonald, 2006) long stretch from its source 
(Wezem area of Mt. Adama) before it joins Gelgel Abay (Figure2.2). Currently, construction of 
irrigation and watershed management project is undergoing on Koga River. Other main perennial 
streams that join Gelgel Abay River downstream of Wetetabay town are Kilti, Bered and Areb 
Rivers. Locally the stream emerging from springs near Sekela (Gish Abay) village is called 
Abay. It has got the same name over a 95 km length while it is joined by Guder, Dabola, Gugri, 
Libsi and Ashar Rivers. Following its confluence with Jemma River some distance upstream of 
the gauging station near Wetetabay it gets the name Gelgel Abay. 
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             Figure 2-3 Map showing Gelgel Abay Catchment drainage networks 
Koga River is gauged since 1959 (MacDonald 2006) and its flow rate is measured before it joins 
Gelgel Abay River. The gauging station is situated in a reach with a rocky bed and hydraulic 
control is provided by a bar about 10 m downstream. Since June 2005 a new gauging station is 
established in Gelgel Abay River (near Chimba village) at a length of 160 km from its springs. 
The station is equipped with staff gauges, alike the other gauging stations, readings are taken 
twice a day at 06:00 and 18:00 hours. 
2.1.5 Soil  
The major dominant soil types in the basin are Soil textural data obtained from SEA shows that 
the textural class dominant soil of the study area are clay and clay loam. 
2.1.6 Land Cover/Land Use  
Land Use/ Land Cover classification of the Upper Blue Nile basin was done by the LUPRD 
(1983) and Cesen (1986). The catchment is divided into agricultural and agro-pastoral land use 
units. The land cover of the study catchment can be categorized in to mixed grassland, areas of 
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permanent grassland covers which also have grasslands with frequent patches of shrubs, woods, 
trees and cultivation; cropland, dominantly cultivated areas with no other significant land cover 
enclosures; and marshland, grassland and very few shrubs covering swampy areas in the 
catchment. 
2.2 The Physical Features of Jemma Dam 
Jemma Dam is located on the Jemma River, on the southern side of Lake Tana Sub-Basin; West 
Gojam Zone of Amhara National Regional State Jemma Watershed covers Mecha, Sekela and 
Quarit woredas in West Gojjam administrative Zone. The Jemma River is about 25.8 km long. 
The river, which flows generally in a Northern direction, joins Gilgel Abbay River. The dam axis 
is located in between the geographic grid ref. UTM E 301577, N 1237741 and E 301977, N 
1238659. Both the left and right abutments rise to an elevation higher than 2133 m. The location 
of the river bed at the center of the dam axis (in UTM) is E = 301714 m and N= 1238183 m with 
a riverbed elevation of    2063 m. The proposed dam site is situated in the Jemma River valley 
approximately 23km south east of Wetet Abay town which lies on the main road of Addis-Abeba 
- Bahir- Dar. Access to the dam axis is possible from Bahir dar town using the prevailing asphalt 
high way for the first 45 km and turning left or South East at Wetet Abay town using the dry 
weather road for about 23 km. The reservoir will provide water for approximately 7800 ha of dry 
season irrigation. The catchment area of Jemma River at the dam site is 218 km2 (WWDSE, 
2009). 
2.3 The Physical Features of Koga Dam 
The catchment is located approximately 35km southwest of Bahir Dar, the capital of the Amhara 
National Regional administration. The dam is situated between 11o10’ and 11o32’ N and 37o04’ 
to 37o17’E with an altitude range from 1998 (at the dam site) to 3,200 masl. The catchment area 
at dam site is 259 km2. The source of the Koga River is close to Wezem, at an altitude of about 
3200 m. The river is 64 km long; flowing into the Gilgelabay Rive after it crosses the Debre 
Markos - Bahir Dar road, downstream of the town of Wetet Abay, at an altitude of 1985 m.  
The Koga project comprises the construction of two dams. Currently the project is almost 
complete and it starts working partially. The main dam is a 21.5 m high earth dam with a length 
of 1860 m. In addition, to the main dam 18.50 m high and 1,106 m long saddle dam about 6km 
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to the northeast of the main dam is constructed. The storage capacity of the reservoir at full 
supply level (2015.25 masl) is 83.1 Mm3 (i.e. 71% of the mean annual runoff). The area 
submerged at FSL is 18.59 km2. The reservoir will provide water for approximately 6000 ha of 
dry season irrigation. Koga River at the dam site is 259 km2 of catchment (MacDonald 2006). 
2.4 The Physical Features of Gelgel Abay Dam 
Gelgel Abay Dam is located on the Gelgel Abay River, on the southern side of Lake Tana Sub-
Basin; West Gojam Zone of Amhara National Regional State. The Gelgel Abay Watershed 
covers West Gojam and Awi Administrative Zones of the Amhara National Regional. The dam 
axis is located in between the geographic grid ref.UTM E 282262, N 1267718 and E 283466, N 
1267460. Both the left and right abutments rise to an elevation higher than 1899 m. The location 
of the river bed at the center of the dam axis (in UTM) is E = 282810 m and N= 1267613 m with 
a riverbed elevation of  2381  m. The Gelgel Abay dam project consists of a zoned-dam 1230 m 
long, some 67.5 m high above the riverbed level. The reservoir will impound about 360 MCM of 
water. The Gelgel Abay reservoir catchment area at the dam site is 1644 km2. 
Access to the dam axis is possible from Bahir dar town using the prevailing asphalt high way for 
the first 45 km and turning left or South East at Wettet Abay town using the dry weather road 
from Wettetabay upto Durbete 12km and from Durbete to dam site 17km. 
The proposed Gelgel Abay dam & reservoir project will develop 13,500 Ha of irrigated 
agriculture, thereby generating a demand for agricultural support services, as well as 
infrastructure development and will enable farmers to fully benefit from more reliable access to 
sources of water (TAHAL 2009). 
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CHAPTER 3. 
LITERATURE REVIEW 
3.1 Reviewed Studies 
Different studies were carried out worldwide on reservoir operation optimization for water 
resource utilization using different simulation and optimization techniques. These studies mainly 
focused on the use of different techniques to optimize reservoir operation for different objectives 
like irrigation, hydropower development, flood control and combination of these. And also these 
optimization techniques are adopted for parameter optimization in calibration of hydrologic 
parameters. Some of the studies on reservoir operation analysis and optimization are discussed 
below as review. 
The studies below show the use of different techniques for the optimized reservoir operation. 
These reservoirs are studied as single-purpose or multi-purpose based on the objective functions 
used. Besides the reservoirs are classified as single or multiple reservoir systems based on 
number of reservoirs under the study 
Energy and reservoir management for optimized use of water resources. a case study within the 
water-food-energy context of nexus in the Nile river basin (Stamou 2015). The objective was to 
optimize the water use in the Nile basin, so as to maximize the ecological, economic and social 
benefits. Social factors strongly influence water resource use within the Nile River basin. This 
study covers optimized use of water resources along the Nile River basin in Ethiopia, Sudan and 
Egypt by means of proper reservoir, energy and irrigation management using HYDRONOMEAS 
model that is a simulation and optimization model. The study area includes many reservoirs and 
contains various water uses and targets. Moreover, there are different social factors affecting 
water use.  
Optimal Operation of Multipurpose Reservoir for Irrigation Planning with Conjunctive Use of 
Surface and Groundwater (Nikam 2015). The study was conducted on Jayakwadi Stage-I 
Reservoir in India. It is a multipurpose single reservoir. This study uses LINGO, a program used 
to solve the linear optimization model to obtain the optimal operating policy for a multipurpose 
single reservoir considering conjunctive use of surface water and ground water. The study takes 
into account the continuity constraint including inflows in to the reservoir, releases for irrigation 
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and hydro-power generation, evaporation losses, feeder canal releases, initial and final storages 
in the reservoir in a specified time series. 
The other study is Cascade Reservoirs Optimization in Citarum River Indonesia(Gunady 2015). 
In this study optimization of three cascade multipurpose reservoirs on one river serving for 
irrigation, hydropower production and water supply is considered. The researchers incorporate 
and integrate different models. Stochastic Inflow Generation Model (SIGM) for Rainfall Runoff 
simulation, Network Simulation Model (NSM) to simulate different water demands and 
Dynamic Optimization Model (DOM) to optimize cascade multipurpose reservoirs operation. 
This study shows due to many purposes and various operators managing reservoir operation 
provoke conflict of interests. The trade-offs of these conflicting interests need to be considered in 
the optimization method. 
Real Time Optimization of Dam Releases Using Multiple Objectives. Application to the Orange-
Fish-Sundays River Basin South Africa (Madsen 2007).  This study aims at integrating and 
optimizing irrigation demand, flood management and water quality in terms of salinity to 
minimize water losses in real time. The study area covers around 850 kilometres of river 
network, five dams and diversion weirs. The researches use MIKE ll model to compute 
hydrologic, hydraulic and water quality. And a two-step simulation-optimization approach to 
confirm model accuracy during forecast period and to reduce computational effort in forecast 
optimization. 
Optimization of Multiple Reservoir Releases Using Genetic Algorithms: Case Study of Mae 
Klong River Basin, Thailand (Kanisorn 2010). The main purpose of this study is to alleviate 
reservoir release problem caused by multiple reservoirs with multiple objectives through an 
optimized approach, using Genetic Algorithm (GA). GA is an approach based on natural 
selection mechanics, derived from the theory of natural evolution. The study is carried out in 
Mae Klong River Basin. Mae Klong River Basin is located in the western region of Thailand 
with total area of about 30,800 square kilometres.    
Simultaneous Optimization of Operating Rules and Rule Curves for Multi-reservoir Systems 
Using a Self-Adaptive Simulation-GA Model (Najl 2016). This study introduces a simulation-
optimization model for deriving an operating policy for multi-reservoir systems. Two adjustable 
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monthly rule curves are introduced to each reservoir. The applied rule curves divide the reservoir 
volume into three zones in each within-year period. For each zone, a release coefficient is 
specified to indicate releases from the reservoir as a function of the available storage and time of 
the year. To obtain optimum rule curves and release rules, a self-adaptive genetic algorithm (GA) 
is developed to maximize the system’s hydropower production, subject to the system’s physical 
constraints as well as a desirable reliability to satisfy water demands.  
Enhanced genetic algorithm optimization model for a single reservoir operation based on 
hydropower generation: case study of Mosul reservoir, northern Iraq (Yousif 2016).The aim of 
this study was formulation  of improved approach of a genetic algorithm optimization model 
(GAOM) to maximize annual hydropower generation for a single reservoir. For this purpose, two 
simulation algorithms were drafted and applied independently in that GAOM during 20 scenarios 
(years) for operation of Mosul reservoir, northern Iraq. The first algorithm was based on the 
traditional simulation of reservoir operation, whilst the second algorithm (Salg) enhanced the 
GAOM by changing the population values of GA through a new simulation process of reservoir 
operation .and the optimal values obtained from the GAOM were compared and the results 
proved the effectiveness of the Salg in increasing the hydropower generation through the 
enhanced approach of the GAOM. In addition, the results indicated to the importance of taking 
into account the Evaporation and Precipitation in the modeling of reservoirs operation. 
A short-term reservoir operation model for multi-crop irrigation (Mujumdar 1998). In this study, 
integrated model is developed for short-term yearly reservoir operation for irrigation of multiple 
crops. This study applies a single linear programming (LP) formulation; Application of the 
model is studied through a case study in India. The model optimizes a measure of annual crop 
production, starting from the current period in real time. Reservoir storage at the beginning of a 
period1 inflow during the previous period, crop soil moisture values and crop production already 
achieved up to the beginning of the period are used as inputs to the model. The solution specifies 
the reservoir release and optimal irrigation allocations to individual crops during an intra-
seasonal period.  
Simulation-optimization model of reservoir operation based on target storage curves(Hong-bin 
2014). In this paper a simulation-optimization model was established to optimize the key points 
of the water diversion curves, the hedging rule curves, and the target storage curves using the 
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improved particle swarm optimization (IPSO) algorithm. This paper proposes a new storage 
allocation rule based on target storage curves. Joint operating rules are also proposed to solve the 
operation problems of a multi-reservoir system with joint demands and water transfer-supply 
projects. The joint operating rules include a water diversion rule to determine the amount of 
diverted water in a period, a hedging rule based on an aggregated reservoir to determine the total 
release from the system, and a storage allocation rule to specify the release from each reservoir. 
The results depicted that storage allocation rule based on target storage curves shows an 
improved performance with regard to system storage distribution. 
Analysis of the effects of different scenarios of historical data availability on the calibration of a 
spatially-distributed hydrological model (Brath 2004). The aim of this study was to evaluate a 
series of automatic calibration experiments by using the Shuffled Complex Evolution method 
carried out with a highly conceptualized and continuously simulating distributed hydrologic 
model. The calibration and validation data consist of real precipitation and discharge 
observations referring to a 1050 km2 and highly vegetated watershed. Major flood events that 
occurred in the 1990–2000 decade are simulated with the parameters obtained by calibrating the 
rainfall-runoff model referring to different scenarios of historical data availability. Resulting in 
the distributed model has proven to be able to provide reliable simulations referring to ungauged 
internal river sections. 
3.2 Model Overview 
Over the years’ different computer based modeling tools are generated to enhance water resource 
management decision making. These models have their own features that allow researchers or 
decision makers to choose based on their decision requirements. These models are classified as 
simulation models, optimization models and a combination of simulation and optimization 
models. Below are some of these models and their features. 
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Table 3-1 River basin simulation models  
Short 
Name  
Descriptive Name Techniques Model Developer Organization 
HEC-Res 
Sim 
Reservoir System 
Simulation 
Simulation  USACE Hydrologic Engineering Centre 
www.hec.usace.army.mil/ 
HEC-Res 
PRM 
Reservoir System 
Simulation and 
Optimization 
Simulation 
Optimization 
USACE Hydrologic Engineering Centre 
www.hec.usace.army.mil/ 
RIBASIM River Basin Simulation 
Model 
Simulation Acres International, BOSS International 
www.civilcentral.com/html/arsp_tech_info 
.html 
GEO-
MODSIM   
Generalized river basin 
Decision Support System 
Simulation 
Optimization 
www.modsim.engr.colostate.edu/ 
Colorado State University 
WBalMo Water Balance Model Simulation www.wasy.de 
MIKE 
BASIN 
Multipurpose Decision 
Support for Water Planning 
& Management 
Simulation 
Optimization 
Danish Hydraulic Institute 
www.dhisoftware.com/mikebasin/ 
WEAP Water Evaluation and 
Planning 
Simulation Stockholm Environment Institute, 
www.weap21.org 
 
3.2.1 HEC-Res Simulation 
The Hydrologic Engineering Centre (HEC) of the U.S. Army Corps of Engineers has developed 
a successor of HEC-5 reservoir simulation model, called HEC-Res Simulation or HEC-ResSim. 
It has a graphical user interface (GUI) and utilizes the HEC Data Storage System (HECDSS) for 
storage and retrieval of input and output time-series data. ResSim is used to simulate reservoir 
operations including all characteristics of a reservoir and channel routing own stream. The model 
allows the user to define alternatives and run their simulations simultaneously to compare results. 
Network elements include reservoirs, routing reaches, diversions, and junctions. In HEC-
ResSim, watersheds include streams, projects (i.e. reservoir, levees), gage locations, impact 
areas, time-series locations and hydrologic and hydraulic data for that specific area. Schematic 
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elements in Res Simulation allow you to represent watershed, reservoir network and simulation 
data visually in a geo-referenced context that interacts with associated data. 
This model uses an original rule-based approach to the actual decision-making process that 
reservoir operators must use to meet different operational requirements like flood control, power 
generation, water supply and the like. Parameters that may influence flow requirements at a 
reservoir include time of year, hydrologic conditions, water temperature, and simultaneous 
operations by other reservoirs in a system. Basic reservoir operating goals are defined by flexible 
at-site and downstream control functions and multi-reservoir system constraints. As HEC-
ResSim has evolved, advanced features such as outlet prioritization, scripted state variables, and 
conditional logic have made it possible to model more complex systems and operational 
requirements.  
3.2.2 HEC-ResPRM 
HEC-ResPRM is a successor of HEC-ResSim that is designed to aid engineers and planners in 
performing reservoir operations studies by providing an optimal solution for a given scenario. 
The following describes the major features of HEC-ResPRM: 
 Graphical User Interface 
o Map-Based Schematic 
o Drawing Tools 
o Editors 
 Network Flow Optimization 
 Graphical and Tabular Output Visualization 
HEC-ResPRM's interface is based on the HEC-ResSim interface. HEC-ResPRM uses a map-
based schematic to provide a meaningful representation of the optimization network as it relates 
to the physical river/reservoir system. A toolbar of element drawing tools allows the user to add 
reservoirs, junctions, diversions, and routing reaches, which correspond to the optimization 
network’s nodes and arcs. By combining these elements, the HEC-ResPRM modeler is able to 
build a network capable of representing anything from a single reservoir on a single stream to a 
highly developed and interconnected system.  
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HEC-ResPRM allows modelers to create penalty functions that reflect system objectives by 
associating storage or flow with cost or benefit. Users enter these penalty functions in reservoir, 
reach, and diversion editors, accessed by clicking on their images on the map, or from drop-
down menus. Upper and lower bounds, penalty functions, hydropower data, and other input 
information are also entered in these editors. HEC-ResPRM uses a modified form of network-
flow programming to perform reservoir operations optimization. 
HEC-ResPRM "prescribes" optimal values of flow and storage over time by minimizing user-
defined penalty functions at selected locations in the water resource network. Penalty functions 
associate a penalty or reward with designated levels of flow or storage. HEC-ResPRM takes user 
input and constructs a network flow problem, then sends it to a solver. The solver determines the 
optimal solution – time-series of releases and flows at all system locations. The solver also 
allows for the definition of upper and lower bounds, and it will solve non-convex problems using 
the restricted basis entry technique. 
A variety of default plots and reports, along with tools to create customized plots and reports, 
facilitate output analysis. Results are also output to HEC’s data storage system, HEC-DSS. Users 
can access output through HEC-DSSVue, where custom plots can be created or data can be 
output to a spreadsheet tool such as Microsoft Excel.  
3.2.3 RIBASIM   
RIBASIM (River Basin Simulation Model) is a generic model package for analyzing the 
behavior of river basins under various hydrological conditions. The model package is a 
comprehensive and flexible tool which links the hydrological water inputs at various locations 
with the specific water-users in the basin. RIBASIM generates water distribution patterns and 
provides a basis for more detailed water quality and sedimentation analyses in river reaches and 
reservoirs. It provides a source analysis, giving insight in the water's origin at any location of the 
basin. Various hydrologic routing methods are available in RIBASIM e.g. Manning formula, 
Flow-level relation, 2-layered multi segmented Muskingum formula, Puls method and Laurenson 
non-linear “lag and route” method. The flow routing is executed on daily basis starting at any 
selected day for any number of days ahead. The structure of RIBASIM is based on an integrated 
framework with a user-friendly, graphically, GIS-oriented interface.   
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3.2.4 WEAP    
WEAP ("Water Evaluation And Planning" system) is a user-friendly software tool that 
takes an integrated approach to water resources planning. Allocation of limited water 
resources between agricultural, municipal and environmental uses now requires the full 
integration of supply, demand, water quality and ecological considerations. The Water 
Evaluation and Planning system, or WEAP, aims to incorporate these issues into a practical yet 
robust tool for integrated water resources planning.  
WEAP has a database that maintains water demand and supply information to drive mass 
balance model on link-node architecture Simulation Based. It also Calculates water demand, 
supply, runoff, infiltration, crop requirements, flows, and storage, and pollution generation, 
treatment, discharge and in stream water quality under varying hydrologic and policy scenarios 
Policy Scenarios: Evaluates a full range of water development and management options, and 
takes account of multiple and competing uses of water systems User-friendly Interface: 
Graphical drag-and-drop GIS-based interface with flexible model output as maps, charts and 
tables. 
WEAP places demand-side issues such as water use patterns, equipment efficiencies, re-use 
strategies, costs, and water allocation schemes on an equal footing with supply-side topics such 
as stream flow, groundwater resources, reservoirs, and water transfers. WEAP is also 
distinguished by its integrated approach to simulating both the natural (e.g., evapo-transpiration 
demands, runoff, base flow) and engineered components (e.g., reservoirs, groundwater pumping) 
of water systems, allowing the planner access to a more comprehensive view of the broad range 
of factors that must be considered in managing water resources for present and future use. The 
result is an effective tool for examining alternative water development and management options.  
 Water balance database: WEAP provides a system for maintaining water demand and 
supply information. 
 Scenario generation tool: Scenario analysis is central to WEAP. WEAP simulates water 
demand, supply, runoff, stream flows, storage, pollution generation, treatment and 
discharge and in stream water quality. 
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 Policy analysis tool: WEAP evaluates a full range of water development and 
management options, and takes account of multiple and competing uses of water systems.  
3.2.5 MODSIM   
The MODSIM river basin management model has been extended to GEO-MODSIM for 
integration with GIS for spatial data base management, analysis and display. GEO-MODSIM is a 
custom ArcMap extension that provides the foundation for integrated river basin management. 
Numerous geo-database layers are loaded and processed in GEO-MODSIM, including 
topography, political divisions, hydro-geography, irrigated fields, soil maps, land use, field 
measurements and satellite imagery. Spatial-Temporal databases are also loaded including 
NEXRAD precipitation data, water rights, gauging station records, diversions, pumping wells 
and monitored surface water locations. These base GIS layers are processed to delineate 
watersheds, generate geometric networks and create hydro-networks. Formatted data sets are 
created to execute external spatially distributed network flow optimization models, ground water 
models and water quality models directly from the ArcMap interface. 
3.2.6 WBalMo   
WBalMo (Water Balance Model) is an interactive simulation system for river-basin 
management. WaBalMo has been used to identify management guidelines for river basins, 
design reservoir systems and their operating policies, and perform environmental-impact studies 
for development projects. This model uses an ArcView user interface. The natural processes of 
runoff and precipitation are stochastically (Monte-Carlo) simulated and the respective time series 
are balanced with monthly water use requirements and reservoir storage changes. 
By recording of relevant system characteristics during the simulation, probability estimates can 
be provided for water deficits, maintaining minimum runoff levels, or reservoir levels. 
Simulations can be performed both for stationary and transient (e.g., changes in climate) 
conditions. By comparing various plausible scenarios an approximately optimal water resources 
management can be obtained. A river basin is modeled in WBalMo by input of the following 
data: 
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 Stream network with desired balance profiles for accurate accounting of water uses, 
reservoirs, water transfer, etc. 
 Catchment areas and their respective simulated runoff time series  
 Location of water uses and their requirements (discharge and uptake rates, minimum 
runoff)  
Reservoirs and their management regime  
 Desired system characteristics such as mean and extreme values, frequencies and 
threshold values.  
3.2.7 MIKE BASIN   
MIKE BASIN addresses water allocation, conjunctive use, reservoir operation, or water quality 
issues.  It couples ArcGIS with hydrologic modeling to provide basin-scale solutions.  The 
MIKE BASIN philosophy is to keep modeling simple and intuitive, yet provide in-depth insight 
for planning and management.  In MIKE BASIN, the emphasis is on both simulation and 
visualization in both space and time, making it appropriate for building understanding and 
consensus. MIKE BASIN is developed by DHI in Denmark. 
For hydrologic simulations, MIKE BASIN builds on a network model in which branches 
represent individual stream sections and the nodes represent confluences, diversions, reservoirs, 
or water users. The network elements can be edited by simple right-clicking. MIKE BASIN is a 
quasi-steady-state mass balance model, however allowing for routed river flows. The water 
quality solution assumes purely advective transport; decay during transport can be modeled. The 
groundwater description uses the linear reservoir equation (DHI 2012). Due to its integrity with 
optimization tool, versatility and ease of access the researcher chooses to use MIKE BASIN  
3.3 Overview of MIKE BASIN 
MIKE BASIN is professional engineering software package and a powerful modeling tool for 
integrate driver basin planning and management. It accommodates a basin wide representation of 
water availability, sector water demands, multi-purpose reservoir operation, transfer/diversion 
schemes, and possible environmental constraints. 
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The software package is particular useful allowing conclusions originating from studies of 
individual aspects to be brought together in a framework capable of undertaking an integrated 
analysis. It can assist decision making by identifying a sustainable development of scarce water 
resources for competing uses, taking into account specified priorities, rural and urban 
characteristics, and socio-economic constraints. 
MIKE BASIN provides a mathematical representation of the river basin encompassing the 
configuration of the main rivers and their tributaries, the hydrology of the basin in space and 
time, existing as well as potential major schemes and their various demands of water. Model 
results comprise information on the performance of individual reservoirs and demand schemes as 
well as the conditions in any part of the river system. 
MIKE BASIN can accommodate multi-purpose multiple reservoir systems. The purpose of 
individual reservoirs is to simulate the performance for specified operating policies using 
associated rule curves. These define the desired storage volumes, water levels and releases at any 
time as a function of existing storage volumes, the time of the year, demand for water and 
possible expected inflows. Operating rules are often defined to include not only storage target 
levels, but also various storage allocation zones. Conveyance loss factor can be specified for 
each reservoir user. The conveyance loss is proportional to the delivery through the branch to the 
user. Water demands for the reservoir users are automatically increased according the losses. 
This means the user-specified demands will still be fulfilled if sufficient water is available in the 
reservoir. Multiple reservoir systems allow for specifying water extraction from several 
reservoirs to a specific demand scheme in any order of priority. Simulations can be carried out 
with any time step without consideration to the time intervals of input data. Model output 
includes information on the performance of each individual reservoir and irrigation scheme 
within the entire simulation period, illustrating the magnitude and frequency of any water 
shortages. Furthermore, time series of river flow at all nodes are simulated enabling the user to 
determine the combined impact of selected schemes on river flows. 
Optimization in MIKE BASIN is flexible and general. Any model result can be included in the 
objective. Unlike some other water resources models, MIKE BASIN’s optimization capabilities 
are not limited to a linear program solver for finding the cheapest route in a network flow model. 
Instead, MIKE BASIN uses a built-in nonlinear program optimization algorithm called 
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AUTOCAL. The AUTOCAL is a generic tool for performing parameter optimization, sensitivity 
analysis and scenario management, especially customized to the suite of DHI modeling software 
(DHI 2012). AUTOCAL contains an algorithm known as Shuffled Complex Evolution 
Algorithm. A brief description of the algorithm is given in the following:  
(A) Sample construction: A sample of points that are sets of decision variables, are randomly 
generated from the feasible parameter space. For each parameter set the objective function value 
is calculated. The initial sample has the size 𝑠 =  𝑝𝑟 where p is the number of complexes and r 
is the number of points in each complex. 
(B) Partition into complexes: The s points are ranked in order of increasing objective function 
value (F(1) < F(2) <... < F(s)). The 𝑠 Parameter Optimization points are partitioned into 𝑝 
complexes, such that the first complex contains every 𝑝(𝑘 − 1)  +  1 ranked point, the second 
complex contains every 𝑝(𝑘 − 1) +  2 ranked point, and so on, where 𝑘 = 1,2 … 𝑟. 
(C) Evolution: A sub-complex of size 𝑞 is formed from the complex by randomly choosing 𝑞 
points. A triangular probability distribution is used for assigning the probability of a point to be 
included in the sub-complex (larger probability for points with smaller objective function value). 
The sub-complex is evolved according to the simplex algorithm (Nelder and Mead, 1965). Each 
complex is evolved E times. 
(D) Complex shuffling: Combine the points in the evolved complexes into a single sample of 𝑠 
points and return to step B. Steps B-D are repeated until one of the criteria for termination is 
satisfied. 
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CHAPTER 4 
 
METHODOLOGY 
4.1 General 
To attain the main objective of the research that is analysis and optimization of Gelgel Abay 
catchment.  Different data were collected institutions such as Ministry of Water Irrigation and 
Energy (MoWIE), National Meteorological Agency (NMA) as well as data from review of 
previous studies and information from the internet. After collecting the necessary data for this 
research irrigation water demand for the three schemes was calculated and the optimization was 
applied in off- line mode using historical inflow data to provide optimal reservoir operation 
policies or rule curves. Rule curves generally indicate reservoir releases according to current 
reservoir level, hydrological conditions, water demand and time of the year. In simulation-
optimization model, rule curves are taken as control variables with corresponding regulations 
that are optimized with respect to the defined objective function. Reservoir operation rules for 
irrigation have been optimized using historical stream flow data. In the optimization irrigation 
water demand for the three schemes, which is to be maximized was taken as objective function. 
The SCE (Shuffled Complex Evolution) algorithm known as AUTOCAL, which is an 
optimization tool embedded in MIKE HYDRO model was used to optimize the reservoir 
operation. 
4.2 Combination of simulation and optimization models in reservoir operation 
generally, system analysis models used to optimize reservoir operation may be categorized as: 
simulation models; optimization models; and combination of simulation and optimization 
models. Simulation models are effective tools for studying the operation of complex physical and 
hydrological characteristics of a reservoir system including the experience and judgment of 
operators. However, since they are limited to predict the performance of a reservoir for a given 
operation policy, optimization models have an advantage in being able to search for the optimum 
policy from an infinite number of feasible operation policies that are defined through decision 
variables. In recent years, incorporation of an optimization technique into a simulation model to 
execute a certain degree of optimization has been advocated (Ranjithan, 2005). For the 
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simulation-optimization process is shown in Figure 4.1 first, different parameter sets defining the 
control strategies are generated. For each parameter set the simulation model is used to evaluate 
the performance of the system with respect to the target objective. Then, the parameter set is 
modified toward optimality by using the optimization algorithm. The process is continued until 
one of the termination criteria is satisfied. The common objectives that have been considered are: 
minimizing minimum discharge for irrigation, maximizing total energy production; minimizing 
downstream flood risk including flow rate and water level; and maximizing minimum 
downstream discharge for water supply(Wurbs 1991). 
 
Figure 4.1 Model Framework 
4.3 Material Used 
The materials used for this research are Microsoft EXCEL 2007 to organize raw data and to 
present output data, MIKE HYDRO software to simulate reservoir operation and an embedded 
module in MIKE HYDRO called AUTOCAL to optimize reservoir operation  
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4.4 Data Collection and Analysis 
4.4.1 General 
Before undertaking and processing of any research data it is imperative to make a tough search 
for the data. Therefore, the primary assignment of the study was getting relevant information and 
data of the study area. This section identifies and discusses the types and source of data required 
for the study, and their analysis. 
Before starting hydrological and metrological data analysis and simulation, it is important to 
check whether the data are homogenous, correct, sufficient and complete with no missing data. 
Because erroneous data resulting from lack of appropriate recording, shifting of station location 
and processing are serious because they lead to inconsistency and ambiguous results that may 
contradict to the actual situation. 
4.4.2 Stream flow data 
Stream flow gauging stations in Gelgel Abay catchment are kept by the Hydrology Department 
of the Ministry of water and energy (MoWIE), which processes and archives data. Since 1964 
G.C. stream flow data in this sub basin namely Tana (where this catchment is located) was used 
frequently by different consultants during the various studies conducted in the basin. The 
MoWIE has been continuously keep updating the data and most of the data was kept well 
recorded. For this study, the hydrological data were obtained from the Ministry of water and 
energy (MoWIE).  For this study, monthly reservoir inflow data for the two dams namely Koga 
and Gelgel Abay from 1984 to 2014 was collected from the detail design documents 
(MacDonald 2006), (TAHAL 2009).  
Monthly flows of the Gelgel Abbay Dam site were computed by a multiplication of the 
hydrometric station values by the ratio of the dam site area (2,044 km2) to the hydrometric 
station area (1,644km2) = 1.235 (TAHAL 2009). 
Most of the time, long term data on all projects of interest for the design and planning of water 
resource projects will not always be available. So techniques like transfer of data from gauged 
sites to the ungauged ones using area ratio method was of use to solve this problem. 
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4.4.3 Data Transfer  
According to the Ministry of Water Resources database, currently there are 2 hydrological 
gauging stations in the Gelel Abay catchment. There is no gauging station measuring the Jemma 
River stream flows.  The Gelel Abay River stream flows are recorded downstream of the Jemma 
confluence having a catchment area of 1,644 km². Another gauging station measures the other 
major Gelel Abay tributary - the Koga River near Wetet Abay having a catchment area of 259 
km². Noting that the catchment area of the Jemma River at the dam site is 218 km² and the two 
streams drain adjacent catchments with similar hydrological characteristics,(TAHAL 2009). 
Therefore, Koga catchment flow data can represent the Jemma catchment inflows. 
The gauging stations that are available in the catchment are located precisely at dam sites. This 
leads to use the most recommended guideline to transfer stream flow data to the point of interest 
is to use area ratio methods described by the equation below. This method uses the drainage 
areas to interpolate flow values between or near gauged sites on the same catchment. Flow 
values are transferred from a gauged site, either upstream or downstream to the ungauged site. 
𝑄𝑢 = 𝑄𝑔 ∗ [
𝐴𝑢
𝐴𝑔
] ∗ [
𝑃𝑢
𝑃𝑔
]           (4.1)  
Where; 
𝐴𝑢 is the drainage area of the ungauged catchment.  
𝐴𝑔 is the drainage area of the gauged catchment.  
𝑄𝑢 is the discharge for the ungauged catchment (m
3/s).  
𝑄𝑔 is the discharge of the gauged catchment (m
3/s).  
𝑃𝑢 is the precipitation from the ungauged catchment. 
𝑃𝑔 is the precipitation from the gauged catchment.  
In order to obtain catchment precipitation for Jemma and Koga catchments, the Thiessen 
polygon method was used. The method assumes that the recorded rainfall in a gauge is 
representative for the area half-way to the adjacent gauges. Thiessen polygons are formed around 
each precipitation station by drawing the perpendicular bisectors of the lines joining adjacent 
stations. The figure below shows nearby rainfall stations for the catchment area. 
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Figure 4.2 Thiessen Polygon along with stations for Tana sub-basin. 
4.4.4 Evaporation 
Evaporation is the process by which the water is changed from the liquid state to gaseous state 
below the boiling point through the transfer of heat and wind energy. 
Chow, (1998) describes that the main factors influencing evaporation from open water surface 
are the supply of heat of vaporization and the process to transport vapor away from the 
evaporative surface. Influencing factors are solar radiation, wind velocity and the gradient of 
specific humidity in the air above the open water surface. In the absence of actual measurements, 
different methods that call for determination of parameters which are difficult to assess; are 
available to estimate evaporation from reservoirs. Observation of meteorological factors such as 
temperature and humidity of air, temperature of water and wind speed etc. are quite essential. 
For this study, reservoir evaporation data was taken from the projects study documents 
(MacDonald 2006), (TAHAL 2009). The following table shows reservoir evaporation data. 
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Table 4.1. Mean monthly reservoir evaporation data for the three reservoirs. 
Source:(MacDonald 2006), (TAHAL 2009)  
Evaporati
on (mm) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Jemma 
119.
3 
137.
1 
166.
4 
174.
6 
168.
3 135 
116.
7 
121.
6 
128.
3 
140.
7 
125.
9 
117.
6 
G/Abay 
124.
4 
150.
8 
173.
6 
186.
7 
176.
8 
139.
9 
121.
6 
130.
1 
135.
6 
147.
9 
130.
1 
122.
1 
Koga 
114.
1 
123.
4 
159.
2 
162.
5 
159.
7 130 
111.
8 
113.
1 
120.
9 
133.
4 
121.
6 113 
 
4.4.5 Environmental Water demand data 
A minimum flow requirement defines the minimum monthly flow required along a river to meet 
water quality, fish and wildlife, navigation, recreation, downstream flow requirements. For this 
study, environmental water demand data was obtained from the study documents (TAHAL 
2009), (MacDonald 2006), the table below shows the minimum monthly flow to balance the 
downstream environment.  
Table 4.2. Environmental minimum water demand for the three reservoirs. Source: 
(MacDonald 2006), (TAHAL 2009)  
Min 
Release(m3/s) 
Jan Feb Mar Apr May June Jul Aug Sep Oct Nov Dec 
G/Abay 6.69 5.88 4.36 3.84 7.82 0 0 0 0 33.38 15.06 6.01 
Koga 0.4 0.4 0.3 0.26 0.3 0 0 0 0 1 0.6 0.3 
Jemma 
0.34 0.34 0.25 0.22 0.25 0 0 0 0 0.84 0.51 0.25 
 
4.5. MIKE HYDRO Model Setup 
MIKE HYDRO is a comprehensive deterministic, semi-distributed and physically-based 
modeling system for the simulation of water flow, water consumption, water quality, and 
sediment transport. It has an integrated modular structure with basic computational modules for 
hydrology and hydrodynamics. One basic MIKE HYDRO module is MIKE HYDRO basin, 
containing modules for evapotranspiration, snow melt, overland and channel flow, crop 
irrigation, and exchange between aquifer and rivers. A map layer coordinates the parallel running 
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of the process components. Rivers and catchments are depicted in the map layer. Parameters and 
data requirements are outlined in a tabular layer. Simulation results are obtained from a result 
layer. 
 
Figure 4.3 Schematic diagram of Gelgel Abay Catchment integrated reservoir system. 
4.5.1. Sub-Catchments and Data 
In this study, the study area was divided into three sub-regions, namely Jemma,  
Koga and Gelgel Abay . The sub-regions were named “sub-catchments” in the model and their 
borders were automatic delineation from MIKE HYDRO, rather than real catchment borders. 
Because the hydrological parameters within each sub-catchment were aggregated, the region 
borders did not affect the simulation. The sub-catchments were separated by the gauging 
stations. In each sub-catchment, the hydrologic parameters were aggregated in an effort to 
simplify the overall analysis. The borders of sub-catchments are automatic catchment borders 
from MIKE HYDRO. Because the features in each sub-catchment are lumped together, the 
shapes of sub-catchment borders do not effect on the simulation results. River nodes, branches, 
catchments, reservoirs, water users and their connections were all specified in a network model.  
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Figure 4.4 Sub-catchments in the Gelgel Abay catchment in MIKE HYDRO 
The model design consists of two types of water users considered by MIKE HYDRO: “irrigation 
water users” (e.g., potato, wheat and maize) and “regular water users” (water users with demand 
data). For the irrigation water users, on each irrigated field, a crop sequence was characterized by 
a crop type, sowing date and reference to the irrigation method used to irrigate the crop.  
4.5.2. Irrigation Water Demand Data 
The monthly gross water demands to irrigate the command area for Koga and Gelgel Abay 
schemes were adopted from its interim report document by (MacDonald 2006) and 
from(TAHAL 2009) Irrigation and Drainage report respectively (Table 4.2). But, for Jemma 
irrigation scheme no water demand data can be accessed so that it was processed using the 
irrigation module in MIKE HYDRO. 
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Table 4.3: monthly water demand for Gelgel Abay and Koga Irrigation projects (Source: 
MacDonald, 2006 and TAHAL 2009).  
Schemes Jan Feb Mar Apr May June Jul Aug Sep Oct Nov Dec 
G/Abay 
10.35 15.46 12.97 5.68 3.41 0.00 0.00 0.00 7.47 11.40 9.51 9.94 
Koga 
2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 2.97 0.60 
 
4.5.2.1. Irrigation data 
The FAO-56 Dual Crop Coefficient method applied in the model concerns the parameters to be 
assigned to each crop. Those parameters included the share of the total irrigated area devoted to 
crops, number of sowing days for each crop, root depth (RD), maximum height (MH), basal crop 
coefficient (Kcb) and length (days) of the growing stage for each crop. Growing stages were 
categorized as follows: initial stage (INI), development stage (DEV), mid-season (MID), and late 
season (LAT). Five crop modules were established in MIKE HYDRO Crop factors, Growth 
stages. Length (days), RD (mm), MH (m), and Kcb (Table 4.3). These values were based on a 
FAO publication (FAO 1998). 
Table 4.4: Crop factors and growth stages for Jemma Irrigation scheme  
Crop Sowing 
date 
Crop development length Kcb values Root  
depth 
Max 
height 
Depletion 
fraction INI DEV MID LAT INI MID LAT 
Potato Mar, 5th 20 30 35 15 0.15 1.1 0.65 0.01-0.6 0.4 0.38 
Maize Mar,10th 20 25 50 15 0.2 1.15 0.6 0.01-1.0 2 0.45 
Shallots Mar,12th 20 30 33 10 0.15 1.05 0.7 0.01-0.4 0.5 0.37 
Peppers Mar,12th 20 30 30 10 0.15 0.9 0.8 0.01-0.8 0.4 0.39 
Wheat Mar,10th 20 25 40 15 0.2 1.1 0.5 0.01-1.2 1 0.42 
Other input parameters like soil model, initial soil moisture, field capacity, wilting point, 
porosity and depth of evaporable layer were inserted in MIKE HYDRO model setup. Kcb was 
defined as the ratio of crop evapotranspiration over the reference evapotranspiration. In the initial 
MID and LAT stage, Kcb was assumed to be constant and follow a linear variation between INI 
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and MID. The relationship of reference evapotranspiration (ET0), crop evapotranspiration (ETc) 
and actual evapotranspiration (ETa) is given in Equations (4.2) and (4.3) as follows. 
𝐸𝑇𝑐 = 𝐾𝑐𝑏 × 𝐸𝑇𝑜                                                                                             (4.2) 
𝐸𝑇𝑎 = 𝐾𝑠 × 𝐸𝑇𝑐                                                                                               (4.3) 
where Ks is the water stress coefficient that describes the effect of water stress on crop 
transpiration and was determined in MIKE HYDRO by considering soil water availability in the 
irrigated field. Due to the higher performance of the FAO-56 Penman-Monteith method, ET0 was 
computed from meteorological data. ETc was calculated by the crop module, which was 
influenced by the determination of crop factors(FAO 1998). ETa was calculated by MIKE 
HYDRO, which identified the actual rate of crop evapotranspiration. 
4.6. Reservoir inflows 
Reservoir inflow data used for the three reservoirs in Gelgel Abay catchment were monthly 
stream flow data from 1984 to 2014, which was obtained from the projects design documents 
(MacDonald 2006), (TAHAL 2009).  
4.7 Reservoirs Physical and Operation data 
River reservoirs provide storage of river water, provide a source of water for demand sites and 
downstream requirements, and generate hydropower. The reservoir simulation in MIKE HYDRO 
takes into account net evaporation on the reservoir, priorities of downstream requirements, and 
the reservoir's operating rules. However, Local reservoirs by definition are modeled 
independently of river stream flow (i.e., monthly inflows to local reservoir sources must be 
explicitly entered). The reservoirs physical and operation data were obtained mainly from the 
detailed design documents and feasibility studies conducted for each of the planned schemes.  
4.7.1 Reservoir Volume Elevation Curve  
In order to calculate the amount of evaporation, MIKE HYDRO must have a function to convert 
between volume and elevation. This function is defined by the points on the Volume Elevation 
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Curve. At least one point corresponding to the total storage capacity of the reservoir is necessary. 
Values between the points are interpolated. 
4.7.2 Reservoir loss and gains 
Based on the information collected from different studies and project documents, Precipitation 
and Evaporation data were used for Open water evaporation in mm/month at dam sites and 
seepage loss for Gelgel Abay dam was 25% of the evaporation loss (TAHAL 2009). For koga 
dam, seepage loss was within a range from 0.0007 to 0.0011 by the fraction of seepage losses 
from stream flow (MacDonald 2006). So seepage loss was only considered for Gelgel Abay dam, 
Figure 4.5 and 4.6. 
 
Figure 4.5. Gelgel Abay Reservoir loss and gains Source: (TAHAL 2009) 
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Figure 4.6. Koga Reservoir loss and gains. Source:(MacDonald 2006) 
4.8. Optimization Model 
4.8.1 Introduction   
There are different search methods that can be applied to optimization problems these methods 
include using “local” or “global” search methods. The local search methods such as gradient-
based methods and direct search methods have been widely applied in water resources planning 
and management (Yeh, 1985). The advantages of these methods are that they are successful and 
well-organized when applied for optimization of convex, single extremum functions. However, 
for more complex functions they may produce a local optimal solution. It requires tougher 
optimization techniques to find the global optimum solution of complex problems. The shuffled 
complex evolution (SCE) algorithm is one of these techniques. 
4.8.2 General mathematical formulation 
Reservoir operation is a key component in water resources planning and management. It consists 
of several control variables that explains the operation policies to guide release sequences to 
meet the specified demands from stakeholders with diverse objectives, such as flood control, 
hydropower generation and allocation of water to irrigation, municipal and industrial users. The 
main difficulty in the operation of reservoirs is fulfilling the targeted objectives. Therefore, it is 
necessary to optimize reservoir operation in determining solutions to meet the target. 
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Optimization models are based on clearly defined objective functions, criteria for evaluation of 
control decisions, and constraints as limitations during optimization. 
In this study, the objective function of the optimization model is to minimize the squared 
difference between the monthly reservoir release and irrigation demand along with squared 
deviation in mass balance equation. The objective function is given by equation below.  
𝐾 = 𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 ∑ 𝐷𝑡
2
𝑇
𝑡=1
 , 𝑡 =  1,2, … , 𝑇   
Where, 𝐷𝑡 is monthly downstream irrigation demand deficit for the month 𝑡. The above objective 
function is subjected to the following constraints and bounds. 
 Constraints on irrigation demand defined by the releases of water for irrigation should be less 
than the maximum demand for irrigation. 
 𝑅𝑡 ≤  𝐷𝑡 𝑚𝑎𝑥,         𝑡 =  1,2, … , 𝑇   
Releases in each month should be greater than or equal to the minimum irrigation demand.  
𝑅𝑡 ≥  𝐷𝑡 𝑚𝑖𝑛, 𝑡 =  1,2, … , 𝑇   
Where, 𝐷𝑡 𝑚𝑎𝑥 is maximum irrigation demand in period 𝑡; 𝐷𝑡 𝑚𝑖𝑛 is minimum irrigation demand in 
period 𝑡. 
 Hydraulic constraints are defined by the reservoir continuity equation.  
𝑆(𝑡 + 1) =  𝑆(𝑡) +  𝐼(𝑡)–  𝑅(𝑡), 𝑡 =  1,2, … , 𝑇 
Where, S(t + 1) is storage at time step t + 1; S(t) is storage at time step t; I(t) is the reservoir 
net inflow at time step t (including reservoir inflow, precipitation evaporation and seepage); R(t) 
is the reservoir outflow at time step t. T is the total number of time steps in the considered 
period.  
 Constraints on discharge defined by maximum and minimum permissible reservoir releases:  
𝑅𝑚𝑖𝑛 ≤  𝑅(𝑡) ≤ 𝑅𝑚𝑎𝑥 , 𝑡 =  1,2, … , 𝑇 
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 Constraints on storages defined by maximum and minimum permissible reservoir storages:  
𝑆𝑚𝑖𝑛 ≤ 𝑆(𝑡) ≤ 𝑆𝑚𝑎𝑥, 𝑡 =  1,2, … , 𝑇  
 Constraints on elevations defined by maximum and minimum permissible water level at specified 
sites: 
ℎ𝑚𝑖𝑛 ≤ ℎ(𝑡) ≤ ℎ𝑚𝑎𝑥, 𝑡 =  1,2, … , 𝑇 
4.8.3. Shuffled Complex Evolution Algorithm – AUTOCAL model 
Shuffled Complex Evolution algorithm has combined the finest features from several existing 
algorithms, including genetic algorithms (GA), and introduced the concept of complex shuffling 
(Duan 1994). It performs a more capable and strong search of the parameter space and has been 
widely applied in calibrating various conceptual models (e.g. Duan, 1994; Yapo, 1998; Madsen, 
2000; Eckhardt, 2001; Brath, 2004). The method combines the power of the “simplex search” 
with the “concept of controlled random search”, “competitive evolution” and “complex 
shuffling” (Duan, 1992). The algorithm is presented in detail by (Duan 1994).  
The SCE algorithm contains different algorithmic parameters, which must be chosen carefully. 
An analysis of these parameters was undertaken by (Duan. 1994), providing range and 
recommended values given by the table below 
Table 4.5: Algorithmic parameter for the SCE algorithm where n is the number of decision 
variables  
 
The number of complexes p is the most important algorithm parameter. In general, a larger value 
of p will give a higher possibility of converging into the global optimum but it requires a larger 
Parameter Description Range Recommended value 
p Number of complexes p ≥ 1 - 
r Number of points in a complex r ≥ 2 2n + 1 
q Number of points in a sub-complex 2 ≤ q ≤ r n + 1 
β Number of evolution steps taken by 
each complex before shuffling 
β ≥ 1 2n + 1 
p min Minimum number of complexes 
required in the population 
1 ≤ p min ≤ p p 
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number of model evaluations, and vice versa. In the application by Madsen (2003) two 
complexes in SCE provided a reasonable compromise between robustness and computing time. 
The SCE algorithm is one of parameter optimization methods employed in the AUTOCAL 
software. The AUTOCAL performs parameter optimization, sensitivity analysis and scenario 
management, especially customized to the suite of DHI modeling software. 
The foundation of the AUTOCAL tool consists of the following steps: 
1. Provide a set of parameter values to the numerical model that will be used for a specific model 
run. 
2. Execute the simulation model using the specified set of parameter values. 
3. Calculate statistical performance measures of the model output. 
In the first step, all files that contain parameters to be manipulated in the AUTOCAL run should 
be specified from the simulation. When a model parameter file is selected, a matching template 
file is automatically produced. This template file is used to put parameter identification label on 
the locations where the values of the model parameters to be manipulated in AUTOCAL are 
given.  
The set of parameters (𝜃 =  [𝜃1, 𝜃2, … , 𝜃𝑚], where m is total number of parameters) are 
restricted to a feasible parameter space using box constraints   
     𝜃𝑖, 𝑙𝑜𝑤𝑒𝑟 ≤  𝜃𝑖 ≤  𝜃𝑖, 𝑢𝑝𝑝𝑒𝑟      (4.4) 
Finally, equality constraints can be defined in the following clear form  
      𝜃𝑖 =  ℎ(𝜃1, 𝜃2, … , 𝜃𝑖 − 1, 𝜃𝑖 + 1, …  𝜃𝑚)     (4.5) 
Where ℎ(∗) defines any linear or non-linear relationship between the i’th parameter and the 
remaining 𝑚 − 1 parameters. 
Whenever AUTOCAL is used for parameter optimization, the performance of the model 
simulation given the specified parameter set must be assessed. This is done by calculating 
statistical performance measures. These measures are typically statistics that compare simulation 
results with corresponding targets.  
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AUTOCAL includes three basic comparison statistics 
 Average error   𝐴𝐸 =
1
𝑇
∑ (𝑥𝑖 − 𝑦𝑖)𝑇𝑖=1        (4.6) 
 
 Root mean square error 𝑅𝑀𝑆𝐸 = √
1
𝑇
∑  𝑇𝑖=1 (𝑥𝑖 − 𝑦𝑖)
2      (4.7) 
 
 Standard deviation   𝑆𝑇𝐷 = √
1
𝑇
∑  𝑇𝑖=1 ((𝑥𝑖 − 𝑦𝑖) −
1
𝑇
∑ (𝑥𝑖 − 𝑦𝑖)𝑇𝑖=1 )
2      (4.8) 
 
Besides the basic statistics, AUTOCAL includes two event-based statistics 
Error of maximum value   𝐸𝑟𝑟 𝑚𝑎𝑥 =  𝑀𝑎𝑥(𝑥𝑖) −  𝑀𝑎𝑥 (𝑦𝑖)      (4.9) 
 
Error of minimum value   𝐸𝑟𝑟 𝑚𝑖𝑛 = 𝑀𝑖𝑛(𝑥𝑖) −  𝑀𝑖𝑛 (𝑦𝑖)       (4.10) 
 
where 𝑥𝑖 and𝑦𝑖, 𝑖 =  1, … , 𝑇 are the model output and the target values, respectively. The index 
𝑖 represents the time step, and 𝑇 is the total number of time steps.  
For aggregation of the performance statistics given above, three different objective functions are 
used in AUTOCAL. 
 Weighted sum    𝐹𝑝𝑜𝑜𝑙, 𝑖 = ∑ 𝑊𝑗𝐹𝑗𝑁𝑗=1            (4.11) 
 
 Weighted sum of absolute values 𝐹𝑝𝑜𝑜𝑙, 𝑖 = ∑ 𝑊𝑗|𝐹𝑗|𝑁𝑗=1          (4.12) 
 
 Weighted sum of squares            𝐹𝑝𝑜𝑜𝑙, 𝑖 = ∑ 𝑊𝑗𝐹𝑗2𝑁𝑗=1      (4.13) 
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Where, 𝐹𝑗 is a comparison statistic, 𝑊𝑗 are weights assigned to each statistic, and 𝑁 is the 
number of statistics that are pooled.  In the second aggregation level in AUTOCAL the defined 
objective functions are aggregated into one measure. 
 𝐹𝑎𝑔𝑔 = ∑ 𝑊𝑖𝐺𝑖(𝐹𝑝𝑜𝑜𝑙, 𝑖)𝑀𝑖=1           (4.14) 
 Where, 𝑀 is the number of objective functions that are aggregated, 𝑊𝑖 is the weight and 𝐺𝑖(∗) 
is the transformation functions assigned to every objective function. Three different 
transformation options are provided in AUTOCAL.  
 No transformation;       𝐺𝑖(𝐹𝑝𝑜𝑜𝑙, 𝑖) = 𝐹𝑝𝑜𝑜𝑙, 𝑖 (4.15) 
 Transformation to a common distance scale;   𝐺𝑖(𝐹𝑝𝑜𝑜𝑙, 𝑖) =
𝐹𝑝𝑜𝑜𝑙,𝑖
𝛿𝑖
+ Ƹ𝑖   (4.16) 
Where, 𝛿i is the standard deviation of the i'th objective function of the initial population and Ƹ𝑖 is 
a transformation constant given by: 
Ƹ𝑖 = 𝑚𝑎𝑥 (𝑚𝑖𝑛 (
𝐹𝑗
𝛿𝑗
, 𝑗 = 1,2, … , 𝑀)) − 𝑚𝑖𝑛 (
𝐹𝑖
𝛿𝑖 
)        (4.17) 
 Transformation to a common probability scale.  𝐺𝑖(𝐹𝑝𝑜𝑜𝑙, 𝑖) = 𝜓 (
𝐹𝑝𝑜𝑜𝑙,𝑖−µ𝑖
𝛿𝑖
)  (4.18) 
Where ψ (*) is the cumulative distribution function of the standard normal distribution, and µ𝑖 
and 𝛿i are the mean and the standard deviation of the i'th objective function of the initial 
population. 
The model runs until one of the following stopping criteria below is fulfilled  
(i) Maximum number of model evaluations. 
(ii) Convergence in objective function space. 
(iii) Convergence in parameter space. 
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CHAPTER 5 
RESULTS AND DISCUSSION 
5.1 Upstream Reservoir Impacts on Streamflow 
Considering the impact of development activities on water availability and water use, this study 
uses hydrological data of the three reservoirs in Gelgel Abay catchment to assess water 
availability and water demand. According to the feasibility study made by (TAHAL 2009) on 
Gelgel Abay  project, the measured  Gelgel Abay Dam inflow was adjusted by reducing the 
Gelgel Abay inflow by 6%. Taking into consideration, the impact of the two upstream reservoirs 
on the downstream reservoir.  
The reduction was made based on the assumptions that the stream flows retained by Jemma and 
Koga Dams do not reach the Gelgel Abay Dam and the riparian releases from Jemma and Koga 
Dams are included in the Gelgel Abay Dam inflow (TAHAL 2009). From the simulation results 
made by MIKE HYDRO, based on the assumptions that the riparian releases from the upstream 
reservoirs will take part in the inflows of Gelgel Abay Dam shows that, the inflow to the Gelgel 
Abay Dam was slightly increased. Figure 5.1 shows the difference between the observed and 
simulated monthly stream flow at Gelgel Abay Reservoir in m3/s from 1984 to 2014. During the 
simulation, there was no observed flow variation between observed and simulated reservoir 
inflows for the Koga and Jemma reservoirs. Because there was no upstream abstraction on 
reservoir inflows.      
 
Figure 5:1: Observed Vs Simulated flow series (in m3/s), result of streamflow at Gelgel 
Abay reservoir (1984-2014) 
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5.2 Simulation results 
The results obtained from the simulation of model for 30 years of time series data show that 
there is some unmet irrigation water demand on the three irrigation schemes. The deficit was 
observed in the months of October, November and December for Koga and Jemma irrigation 
schemes and for Gelgel Abay irrigation scheme, in the months of May, October, November and 
December.  
The simulation was conducted based on the assumption that the riparian demand was set as 
minimum downstream release requirement. In the simulation a trade-off between irrigation and 
riparian demands was observed. Moreover, the simulation was executed based on standard 
operation policy.  
The standard operation policy aims to best meet the demand in each period based on the water 
availability in that period (Vedula 2005). According to standard operation policy, if the water 
availability is less than the water demand, all the water will be released in the time period, and if 
the water exceeds the maximum reservoir capacity a spill will occur. Figures 5.2-5.4 shows the 
simulated, 30 year average demand and deficit on monthly basis for Gelgel Abay, Jemma and 
Koga irrigation schemes.  
 
Figure 5.2 used water and demand deficit for Gelgel Abay 
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Figure 5.3 used water and demand deficit for Jemma 
 
 
Figure 5.4 used water and demand deficit for koga 
5.3. Optimization Results 
During the optimization, there was no alteration in the constraints. The optimization run was 
made based on the same irrigation water demand with the simulation, the area coverage was the 
same and there was no change in the irrigation efficiency with that of the simulation run. The 
results from the optimization run has shown to reduce the irrigation water demand deficit to zero 
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in all months, for the three irrigation schemes. The three reservoirs are capable for irrigating 
7,600 ha for Koga, 7,800 ha for Jemma and 13,500 ha for Gelgel Abay Irrigation schemes. And 
consequently saving considerable amount of water in the three reservoirs.  
The result also shows that there is a possibility that the reservoirs will be able to irrigate 
additional command area. So, in the future some expansion in command area is possible without 
creating significant water stress in the area. Because, there is still some unused water that will be 
left in the reservoirs. The figures (5.5-5.7) show the reservoir release curves based on the 30 
years minimum monthly reservoir releases for Jemma, Koga and Gelgel Abay reservoirs.  
Such significant results were obtained in different studies using different optimization 
techniques. (Parmar 2015), showed that a considerable amount of irrigation water was saved in 
MCM. In the month of June, 318.25 MCM (10%), in the month of July, 1319.6 MCM (46%) and 
in the month of August, 897.78 MCM (41%) using Genetic Algorithm.  
The other study made by (Harboe 1993) reveal that the annual energy production was increased 
by 9.5% using Deterministic Dynamic Programming. The study by (Najl 2016) used self-
adaptive Genetic algorithm. The model was applied to a real three-reservoir system in Iran to 
optimize total energy production. After the optimization, the system’s performance was 
compared to Standard Operation Policy. And this study shown that system optimization using 
Genetic Algorithm has increased total energy production by 6% than that of the Standard 
Operation Policy and the resulting reservoir operation rules were derived from 35 years of 
historical reservoir inflow data.  
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Figure 5.5 Jemma reservoir  operation rule curve 
 
Figure 5.6 Koga reservoir operation rule curve 
 
Figure 5.7 Gelgel Abay reservoir operation rule curve 
The reservoir release vary from year to year for the three reservoirs. The minimum reservoir 
release obtained for Koga reservoir is 2011.72 m in the month of June, 1997. Minimum release 
for Gelgel Abay is 1876.43 m in June, 2014 and for Jemma reservoir the minimum release is 
2106.29 obtained in the month of June, 1998. 
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The current study and other discussed related previous studies presented that using optimization 
techniques, a remarkable amount of water can be saved. But the results were obtained based on 
the integrated approach of the reservoirs, any operational change on the individual reservoirs will 
result in a change on the overall out puts. This study also demonstrates that proper management 
of integrated water resources is very necessary in order to utilize water resources effectively.  
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CHAPTER 6 
SUMMARY CONCLUSION AND RECOMMENDATIONS 
6.1. Summary and Conclusion 
Irrigation development aims to bring about increased agricultural production and consequently to 
improve the economic social and environmental well-being of the rural population. Despite of 
this importance’s, assessment of water resources in relation to the expanding irrigation potential 
and analysis of irrigation water operations and management will bring about the sustainability of 
agricultural resources. Analysis and optimization of the reservoir operation has been utilized to 
analyze the water availability of the Gelgel Abay catchment. Water sources of the maximum 
irrigation potential under the reservoirs is based on runoff data obtained from the project study 
document from years 1984 to 2014 of the reservoir catchments. This data used as an input in the 
selected reservoir operation simulation model for MIKE HYDRO.  
The reservoir- area-volume curves and the reservoirs characteristics obtained from the design 
reports of the dam. This data is also used in the reservoir operation simulation. And also the 
irrigation water requirements of the irrigation projects under each reservoir have been taken from 
agronomy report. By making these data mentioned above as an input the MIKE HYDRO model 
for results in reservoir operation simulation.  
The optimization is performed with a SCE algorithm procedure, that the variables defining the 
strategies for minimizing irrigation demand deficit are optimized. The results show that this 
solution can be chosen best with respect to a regulation that guides the release according to the 
current reservoir level, the water demand at a downstream and the time of the year.  
Based on these data sets as an input of the model the simulated reservoir operation shows that 
there is some observed irrigation water demand deficit in the three reservoirs. Optimization 
method using Shuffled Complex Evolution that implements Genetic Algorithm was applied. And 
the optimization was resulted in diminishing the irrigation water demand deficit to zero. The 
reservoirs are under safe condition without water stress confronting the irrigation projects under 
the system.  
The result also shows that there is still some unused water in all three reservoirs. The two 
upstream reservoirs, Koga and Jemma reservoirs have, the useful capacity of 74 MCM and 121 
MCM respectively. The two upstream reservoirs together, release 17.3 MCM of water annually 
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to the downstream to meet riparian demand. The optimization results imply that, the excess water 
in the reservoirs will allow these reservoirs to serve as water sources of more than 7,600 ha for 
Koga irrigation scheme and 7,800 ha for Jemma irrigation scheme. The downstream reservoir, 
Gelgel Abay reservoir has the useful capacity of 220 Mm3 serving the irrigation area of 13,500 
ha. Because there is much water available in the dam Gelgel Abay can irrigate additional 
command area. Gelgel Abay Dam annually releases 218.2 MCM of water to the downstream for 
environmental purpose. The Gelgel Abay Watershed, upstream of Gelgel Abay Dam, has annual 
average yield of 2043.8 MCM of water (TAHAL 2009). Out of this yield, 455.2 MCM of water 
is utilized for the annual water demand of three irrigation projects. From the three integrated 
reservoirs, there is annual average spill of 1,353.1 MCM water to the Lake Tana.  
From the characterization of the integrated reservoir system it can be concluded that the existing 
useful storage potentials of the reservoirs can irrigate additional command area for the existing 
and proposed irrigation schemes under the system.  
It has to be noted that these reservoirs need to be operated based on an integrated approach. If the 
reservoir operations try to operate based on individual contexts, the obtained results will be 
different from the anticipated results. So the operation should be based on the integrated 
approach to obtain optimum output from the reservoirs.  
6.2. Recommendations 
According to this study upstream development activities will affect downstream activities. 
Upstream development modifications will have an impact on the downstream users. So the 
modifications shall be made considering downstream activities, in order to alleviate conflict of 
interest between upstream and downstream users. 
There is a land degradation and soil erosion concern in the upper parts of the Gelgel Abay 
catchment (Abitew 2008) that may increase sediment accumulation in the reservoirs and is 
expected to affect the reservoirs storage capacity. Therefore future studies of such kind shall 
consider sediment impacts. 
In this study there were three sub-catchments under consideration, two of them were gauged and 
one was ungauged. The stream flow data for the ungauged catchment was derived from near-by 
gauged catchment that share similar hydrological caracteristics (TAHAL, 2009) with using area 
ratio method. Future studies shall consider different stream flow generation techniques and 
compare results. 
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According to this study, considerable amount of water was saved in all the three integrated 
reservoir system through implimenting optimization technique. This implies that the reservoirs 
will be able to irrigate additional command area than that of the existing proposed command 
area. Therefore, future studies shall be carried out on how much optimum additional command 
area can the three integarated reservoir system irrigate, without creating water stress on the 
system. Moreover, future studies  about optimum reservoir sizing shall be made on the two 
proposed reservoirs namely, Jemma and Gelgel Abay reservoirs so that it will bring economic 
soundness of the projects, 
Although this study was conducted to establish integrated reservoir operation rule, the MIKE 
HYDRO model shows there is a hydropower potential that can be harnessed. So future studies 
regarding hydropower shall be made in this reservoir system.  
Nowadays, the sign of climate change and its impact is revealing on different natural and 
manmade systems, in one way or other . Accordingly, future studies shall  include the impacts of 
climate change in reservoir operation planning. 
This study has demonstrated, how the MIKE HYDRO model can be applied to develop reservoir 
operation rule. However, it is also possible to integrate the reservoir operation with the 
assessment of socio economic benefits from the developments and optimize the trade offs. 
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APPENDIX A 
INPUT DATA TO THE MIKE HYDRO SIMULATION MODEL 
The input data for the model includes catchment, water use and reservoir definitions. The related 
input data is described below. 
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A.1 Reservoir inflow data 
Data related to reservoir inflow data is historical river inflow data. Gelgel Abay and Koga rivers 
are gauged at dam sites and data for Jemma River is derived from Koga River inflow using area 
ratio method, as the two adjacent catchments possess similar hydrological conditions (TAHAL 
2009). Table A.1-A.3 show river monthly inflow data in m3/s for three rivers of 30 years, from 
1984 to 2014. 
Table A.1 Gelgel Abay River monthly inflow in m3/s. Source: (TAHAL 2009) 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1984 6.09 4.26 3.36 2.51 7.13 77.28 191.16 240.55 260.53 48.46 14.93 8.29 
1985 5.11 3.55 3.17 3.70 12.28 44.87 201.95 284.83 192.59 45.70 12.50 8.25 
1986 6.76 4.67 3.58 2.47 2.35 32.37 155.39 176.30 156.17 59.10 14.20 8.81 
1987 4.97 3.72 3.21 2.82 14.78 68.06 164.17 198.48 154.90 77.92 24.77 11.50 
1988 7.24 5.42 3.40 2.43 5.11 35.65 190.90 257.99 188.66 88.26 24.46 10.38 
1989 6.12 3.84 4.07 3.78 9.00 48.73 239.14 282.86 171.10 54.66 16.05 10.64 
1990 6.31 4.51 3.32 2.58 3.70 17.28 125.49 218.34 162.92 50.66 12.11 6.80 
1991 4.63 3.18 2.69 5.48 11.01 68.13 234.17 266.43 199.92 51.93 13.73 7.84 
1992 5.26 3.84 2.91 4.78 8.25 37.77 153.49 238.99 175.77 110.29 36.42 13.55 
1993 6.87 4.71 3.96 6.25 11.16 92.17 234.99 220.06 189.93 110.59 28.40 10.16 
1994 6.01 4.26 3.10 2.70 8.89 75.00 181.34 218.08 145.68 28.90 12.96 7.88 
1995 4.48 3.18 2.39 2.62 13.74 68.13 113.91 244.21 161.96 31.74 9.80 7.06 
1996 4.48 3.02 5.08 4.86 24.34 104.94 243.43 274.53 174.07 105.14 83.68 59.18 
1997 3.70 2.56 2.31 1.89 1.83 75.27 197.36 241.64 153.43 74.71 44.33 12.92 
1998 5.56 3.27 2.43 1.58 12.58 79.09 175.14 226.67 188.73 118.17 22.72 8.10 
1999 4.63 2.65 1.75 2.08 11.01 71.33 201.35 230.77 156.94 151.32 24.31 9.41 
2000 4.26 2.60 1.83 3.82 7.50 60.57 180.33 250.97 165.70 156.81 45.37 11.05 
2001 4.74 2.85 2.20 2.20 7.43 82.95 186.38 254.29 158.95 50.85 17.09 6.65 
2002 3.85 2.19 1.75 1.27 1.23 47.22 178.95 207.92 123.11 35.73 12.54 5.15 
2003 2.76 1.82 1.49 0.81 1.12 53.70 220.36 227.52 214.62 40.40 12.58 4.97 
2004 2.87 1.78 1.16 2.82 1.42 33.87 169.69 204.97 170.02 79.04 14.12 6.27 
2005 4.77 3.31 2.28 2.09 6.92 42.58 143.56 177.34 134.77 28.54 11.32 6.97 
2006 3.55 2.46 1.74 1.93 5.93 45.12 77.61 193.22 148.80 32.54 11.62 5.78 
2007 3.55 2.22 3.94 3.21 17.00 78.85 191.13 220.32 155.63 81.35 78.28 45.19 
2008 2.92 1.88 1.64 1.63 13.14 61.02 141.63 196.52 135.23 60.41 49.95 13.16 
2009 4.44 2.47 1.69 1.35 9.22 46.62 136.45 186.70 158.05 106.34 24.51 7.39 
2010 3.69 2.09 1.34 1.50 6.44 51.89 139.01 191.47 140.90 127.20 27.71 8.53 
2011 3.39 1.98 1.43 2.97 5.50 40.74 141.07 198.69 138.79 119.32 56.67 10.02 
2012 3.71 2.18 1.73 1.76 5.09 61.46 133.74 208.52 143.17 42.55 18.50 5.98 
2013 3.06 1.75 1.31 1.06 0.83 30.35 122.19 176.18 113.47 34.88 12.43 4.84 
2014 2.21 1.47 1.12 0.70 0.62 30.17 170.75 178.01 183.10 48.56 11.43 4.45 
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Table A.2: Koga River monthly inflow in m3/s. (Source: MacDonald, 2006)  
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1984 0.88 0.76 0.63 0.65 0.74 1.17 5.56 18.29 11.10 4.63 2.21 1.36 
1985 1.12 0.91 0.76 0.73 1.29 1.33 7.77 19.02 14.15 6.33 2.68 1.58 
1986 1.28 1.34 0.94 0.86 0.82 1.29 15.76 35.34 30.86 12.43 5.10 3.65 
1987 1.35 1.32 1.34 1.17 1.74 5.63 13.12 23.38 13.82 5.89 3.86 2.08 
1988 1.25 1.18 0.99 0.85 0.68 1.39 8.40 12.34 9.47 9.01 4.07 1.73 
1989 1.22 0.81 0.53 0.61 0.74 3.28 14.90 17.37 14.58 7.36 3.41 2.38 
1990 1.31 0.99 0.83 0.77 0.95 1.42 6.05 13.53 12.03 6.90 2.81 1.25 
1991 0.98 0.98 0.79 0.85 0.74 3.22 14.91 18.18 6.81 3.92 3.51 2.71 
1992 2.13 1.71 1.29 1.11 0.85 1.27 2.37 10.60 6.05 2.47 1.78 1.38 
1993 1.09 0.86 0.65 0.57 0.44 0.36 2.27 10.36 6.89 4.18 2.63 2.02 
1994 1.07 0.82 0.71 0.56 0.53 1.57 2.52 10.11 6.99 3.94 2.36 1.44 
1995 1.20 0.64 0.53 0.47 0.50 3.90 7.55 8.84 6.91 2.65 1.47 1.11 
1996 0.93 0.66 0.46 0.47 0.55 1.61 4.80 11.24 7.38 3.99 2.39 1.54 
1997 1.03 0.67 0.48 0.37 0.22 1.21 5.40 6.56 6.76 4.44 2.19 1.60 
1998 1.21 1.04 1.18 0.75 1.31 4.13 5.82 6.70 6.54 3.76 3.02 1.76 
1999 1.51 1.09 0.86 0.53 0.71 2.17 11.04 11.68 9.48 7.57 3.69 2.31 
2000 1.79 1.29 1.01 1.01 1.01 3.41 7.79 10.46 7.66 4.03 2.66 1.47 
2001 1.09 1.22 0.95 0.87 0.85 1.07 4.75 15.04 7.31 4.49 2.35 1.64 
2002 1.25 0.92 0.72 1.00 1.00 1.95 8.14 15.03 11.15 4.32 3.47 2.50 
2003 1.88 1.39 1.15 1.16 1.11 1.55 4.99 12.32 8.37 6.82 5.10 2.93 
2004 2.54 1.85 1.27 1.35 1.14 3.77 13.01 13.73 11.67 7.58 4.33 2.26 
2005 1.53 1.16 0.92 0.84 0.93 2.50 6.65 12.44 11.39 4.31 2.90 1.98 
2006 1.26 0.96 0.81 0.82 0.92 2.29 6.45 83.19 81.90 21.20 7.90 3.88 
2007 1.13 0.79 0.77 0.95 1.93 7.44 14.52 20.07 12.82 6.78 3.31 2.25 
2008 1.63 1.23 1.01 0.88 1.48 4.24 8.86 13.05 7.68 5.64 6.70 2.39 
2009 1.55 1.08 0.81 0.77 1.54 2.30 11.17 15.30 13.68 12.35 4.96 2.90 
2010 2.02 1.40 1.00 0.94 1.35 4.79 13.74 17.53 11.46 11.95 4.43 3.07 
2011 1.73 1.24 0.97 1.28 1.18 2.56 7.85 23.78 10.23 14.59 6.97 2.63 
2012 1.71 1.39 1.11 0.98 1.18 5.24 15.20 26.36 9.51 4.76 3.39 2.10 
2013 1.57 1.21 1.02 0.91 0.75 2.36 7.16 16.53 8.05 4.45 2.88 1.43 
2014 1.10 0.89 0.69 0.64 0.57 1.65 14.92 22.61 15.46 8.01 3.13 1.99 
 
Table A.3 Jemma River monthly inflow in m3/s. (Source: Derived from Koga inflow using 
area ratio method) 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
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1984 0.74 0.65 0.57 0.55 0.67 1.00 5.81 16.63 7.45 3.75 1.63 1.14 
1985 0.94 0.78 0.70 0.61 1.22 1.29 9.93 13.98 11.77 4.37 1.94 1.30 
1986 1.08 1.15 0.85 0.72 0.72 1.63 17.12 29.87 23.54 9.71 3.31 3.06 
1987 1.14 1.13 1.18 0.97 1.50 6.36 11.79 19.50 10.18 4.65 3.12 1.66 
1988 1.05 1.01 0.90 0.69 0.61 1.41 8.19 10.57 7.26 8.18 2.12 1.49 
1989 1.03 0.69 0.49 0.54 0.60 3.73 14.06 13.82 11.85 5.58 2.76 1.78 
1990 1.11 0.86 0.74 0.64 0.82 1.42 6.09 12.54 9.27 4.99 1.81 0.98 
1991 0.83 0.84 0.70 0.71 0.72 2.98 14.11 14.16 5.38 3.34 2.85 2.27 
1992 1.80 1.44 1.15 0.92 0.73 1.09 2.22 9.17 4.93 1.94 1.45 1.15 
1993 0.92 0.74 0.59 0.47 0.38 0.30 2.31 9.41 5.10 3.50 2.13 1.70 
1994 0.92 0.70 0.64 0.46 0.46 1.49 2.31 9.35 5.07 3.35 1.76 1.14 
1995 1.02 0.56 0.46 0.40 0.43 3.46 6.75 7.33 5.68 2.08 1.18 0.93 
1996 0.79 0.57 0.43 0.38 0.54 1.57 5.01 9.27 5.69 3.13 1.92 1.26 
1997 0.88 0.58 0.44 0.31 0.21 1.39 4.92 5.41 5.45 3.69 1.71 1.31 
1998 1.02 0.90 1.08 0.58 1.31 3.64 5.14 6.15 4.69 3.43 2.19 1.52 
1999 1.28 0.94 0.76 0.43 0.62 2.26 9.96 9.45 7.74 6.38 2.88 1.93 
2000 1.52 1.12 0.95 0.81 0.90 3.09 7.43 8.88 5.71 3.38 1.94 1.21 
2001 0.93 1.05 0.87 0.72 0.73 1.02 5.15 12.31 6.19 3.17 1.87 1.34 
2002 1.06 0.80 0.66 0.85 0.88 1.86 7.82 12.61 8.56 3.67 2.75 2.09 
2003 1.60 1.20 1.01 0.98 0.95 1.44 5.08 10.28 6.45 6.03 3.99 2.41 
2004 2.14 1.61 1.05 1.11 0.93 3.19 10.58 11.64 10.01 6.42 3.72 1.93 
2005 1.29 0.98 0.78 0.71 0.78 2.11 5.60 10.48 9.59 3.63 2.44 1.66 
2006 1.08 0.83 0.67 0.69 0.76 1.89 5.07 67.66 70.37 18.97 6.84 3.33 
2007 1.01 0.68 0.63 0.72 1.67 6.20 11.94 16.86 10.88 5.96 2.81 1.92 
2008 1.37 1.03 0.85 0.74 1.24 3.57 7.46 10.99 6.46 4.75 5.64 2.02 
2009 1.30 0.91 0.68 0.65 1.30 1.94 9.40 12.88 11.52 10.40 4.18 2.44 
2010 1.70 1.18 0.84 0.79 1.14 4.04 11.57 14.76 9.65 10.06 3.73 2.58 
2011 1.45 1.05 0.82 1.08 0.99 2.15 6.61 20.03 8.61 12.29 5.87 2.22 
2012 1.44 1.17 0.93 0.83 0.99 4.41 12.80 22.20 8.01 4.00 2.85 1.77 
2013 1.33 1.02 0.86 0.77 0.63 1.99 6.03 13.92 6.78 3.74 2.42 1.20 
2014 0.92 0.75 0.58 0.54 0.48 1.39 12.56 19.04 13.02 6.75 2.64 1.68 
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Table A.4 Simulated river monthly inflow in (m3/s) Gelgel Abay. 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1984 5.88 3.90 2.93 2.24 7.45 79.50 196.56 264.60 286.98 49.38 15.15 8.02 
1985 4.98 3.28 2.87 3.22 12.59 45.53 204.49 318.41 222.19 48.98 12.79 7.94 
1986 6.51 4.32 3.26 2.25 2.69 33.87 161.37 230.06 198.05 70.70 15.52 11.19 
1987 4.84 3.46 2.90 2.55 15.52 69.49 178.35 239.52 178.29 82.38 25.59 12.09 
1988 7.04 5.01 3.07 2.16 5.58 36.49 193.72 277.43 206.74 98.02 25.38 10.31 
1989 5.95 3.55 3.66 3.43 9.81 50.76 251.17 339.05 191.77 57.07 16.43 11.64 
1990 6.15 4.14 2.86 2.25 3.99 17.92 128.06 234.37 180.34 53.25 12.24 6.62 
1991 4.52 2.98 2.41 5.10 11.85 69.72 241.52 305.12 212.77 53.51 13.99 8.09 
1992 5.10 3.51 2.56 4.26 8.71 39.31 155.15 245.25 181.75 112.78 37.17 13.06 
1993 6.68 4.42 3.72 5.69 12.11 94.98 238.59 221.99 192.42 113.04 29.01 9.80 
1994 5.82 3.89 2.73 2.33 9.75 78.85 185.50 220.04 152.29 29.48 13.10 7.60 
1995 4.33 2.87 2.10 2.26 15.08 69.04 115.77 251.97 168.79 32.95 10.08 6.77 
1996 4.32 2.75 4.55 4.52 25.71 107.14 247.71 276.43 180.14 108.67 86.01 56.80 
1997 3.56 2.41 2.10 1.68 2.25 77.79 200.67 244.47 157.50 76.72 45.39 12.42 
1998 5.35 2.97 2.17 1.41 13.09 80.19 178.63 234.32 197.48 120.72 23.01 7.85 
1999 4.50 2.44 1.53 1.76 11.99 73.56 204.54 245.83 165.56 159.08 25.11 9.94 
2000 4.11 2.32 1.63 3.46 7.91 62.15 182.69 264.63 174.46 160.85 46.30 10.69 
2001 4.59 2.61 1.94 1.92 8.35 90.96 190.42 266.96 172.16 52.18 17.57 6.32 
2002 3.70 1.98 1.55 1.22 1.29 48.03 181.15 224.69 135.03 36.79 12.81 5.48 
2003 2.66 1.65 1.32 0.76 1.18 55.28 224.51 242.15 230.68 42.26 13.76 6.03 
2004 2.78 1.62 1.02 2.63 1.48 34.30 177.97 238.53 190.53 83.58 15.03 7.24 
2005 4.61 2.99 1.95 1.80 7.27 43.40 145.81 191.22 153.78 30.01 11.64 6.69 
2006 3.42 2.25 1.53 1.76 6.31 45.80 79.81 330.98 299.09 64.16 20.44 10.24 
2007 3.38 1.90 3.63 2.93 17.35 79.73 203.68 261.24 177.35 85.54 78.67 46.42 
2008 2.75 1.56 1.32 1.35 13.49 61.86 144.62 219.62 147.39 62.68 55.93 14.81 
2009 4.26 2.15 1.35 1.05 9.57 47.45 139.37 213.90 181.27 120.52 27.73 9.97 
2010 3.52 1.77 1.03 1.23 6.80 52.67 147.98 227.75 160.03 140.65 29.95 11.42 
2011 3.22 1.66 1.11 2.69 5.85 41.53 143.31 237.36 155.66 137.64 63.60 12.11 
2012 3.54 1.86 1.40 1.47 5.44 62.25 145.56 261.06 158.71 44.02 18.88 6.28 
2013 2.90 1.46 1.04 0.83 1.20 31.04 124.21 197.90 126.32 36.35 12.75 4.55 
2014 2.06 1.25 0.91 0.53 1.00 30.79 173.70 218.01 209.60 54.77 11.75 4.93 
A.2 Water user definitions 
There are two kinds of water uses in MIKE HYDRO, regular water users (non-irrigation water 
users) and irrigation water users like maize, wheat and tomatoes. Monthly irrigation water 
demand for Koga and Gelgel Abay irrigation schemes was obtained from their feasibility study 
document. Some data adjustment was considered for both sites. For Gelgel Abay scheme the 
water demand was identified for 10310ha of irrigation area. So in this research the demand was 
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increased to 13500 ha. And for Koga irrigation scheme water demand was maximized from 6000 
ha to 7600 ha. 
Table A.5: monthly water demand for Gelgel Abay and Koga Irrigation projects (Source: 
MacDonald, 2006)  
Schemes Jan Feb Mar Apr May June Jul Aug Sep Oct Nov Dec 
G/Abay 
10.35 15.46 12.97 5.68 3.41 0.00 0.00 0.00 7.47 11.40 9.51 9.94 
Koga 
2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 2.97 0.60 
 For Jemma irrigation scheme no irrigation water demand data could be obtained. So irrigation 
water demand was calculated with MIKE HYDRO using the following input data. 
A.2.1 Irrigation method 
Name: Furrow 
Type: FAO56 
A.2.2 Crops: 
Crop Model for all: FAO56 Dual Crop Coefficient 
Crop pattern for Jemma Irrigation scheme was adopted from feasibility study carried out for 
Koga Irrigation scheme. 
Table A.6: Cropping pattern for Koga Irrigation Project command area. Source: 
(MacDonald, 2006) 
 Potato  Maize  Shallots  Peppers  Wheat  Millet  Noug  Teff  Total 
Dry season 16%  47%  12%  7%  18%     100% 
Wet season  20%    20%  20%  40%  100% 
A.2.3 Soil 
 Soil Model: FAO 56 
 Soil Moisture: Initial: 0.36, Field Capacity: 0.22, Wilting point: 0.16 
 Porosity: 0.55 
 Depth of evaporable layer: 0.13 
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Table A.7: Crop Areas in hectare: for Jemma Irrigation scheme 
Crop Area (ha) 
Maize 3666 
Wheat 1404 
Potato 1248 
Shallots 936 
Peppers 546 
A.3 Reservoir Definitions 
A.3.1 Salient features of the reservoirs 
Salient features of each dam is listed from Table A.5-A.7 below 
Table A.8: Salient Features of the Koga dam   
Item    Unit    Koga Main Dam   
 Koga Saddle 
Dam   
 Dam Type      Zoned Earth fill   
homogeneous 
earth 
fill(modified)   
 Crest elevation    m    2019.5    2019.5   
 Length of earth dam    m    1730    1162   
 River bed elevation    m    1998    2011   
 Max height    m    21    9   
 Spillway type      overflow ogee type    none   
 Spillway crest elevation    m    2015.25 (Crest Length 21.5 m)    na   
 spillway gates    m    uncontrolled crest    na   
 Full supply level (FSL)    m    2015.1    2015.1   
 Dead storage Level (DSL)    m    2007.5    na   
 Maximum Water level    m    2016.94    na   
 Maximum storage   
 
mcm    83.1    na   
 Live storage   
 
mcm    73.4    na   
 Maximum Submergence    ha    2041    na   
 Mean Depth of reservoir    m    4.41    na   
 Irrigation outlet works     
 1.5-m dia. steel lined conc 
.Conduit, right abutment     
 Diversion work & low level 
outlet     
 3-m gated conduit on left bank 
of river     
 Design discharge of outlet 
works    m3/s    9.1    none   
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 Drainage area about dam site    km2    164.8    na   
 Catchment yield   
 
mcm    86.72    na   
 Design flood (inflow to 
reservoir)    m3/s    1:10000 yr (517)    na   
 Compensation flow facilities     
 450 mm dia. Steel pipe & 
control valve off irrigation out 
let     
 
Table A.9: Salient Features of the Jemma dam   
Item    Unit   Jemma dam  
 Dam Type     a rock fill dam with central core. 
 Crest elevation    m   2133.3 
 Length of earth dam    m   1022 
 River bed elevation    m   2063 
 Max height    m   70 
 Spillway type      overflow ogee type   
 Spillway crest elevation    m   2127.7(crest length 41.4m) 
 spillway gates    m   uncontrolled crest 
 Full supply level (FSL)    m   2127.6 
 Dead storage Level (DSL)    m   2098 
 Maximum Water level    m   2130.6 
 Maximum storage    mcm   124 
 Live storage    mcm   122.4 
 Maximum Submergence    ha   580 
 Mean Depth of reservoir    m   32.3 
 Storage volume/Dam volume     
 2.0-m dia. steel lined conc. 
Conduit, right abutment   
 Irrigation outlet works     
 3-m gated conduit on left bank of 
river   
 Diversion work & low level outlet     20.18 
 Design discharge of outlet works    m3/s   218 
 Drainage area about dam site    km2   127.7 
 Catchment yield    mcm    1:10000 yr (772)   
 Compensation flow facilities     
 600mm dia. Steel pipe & control 
valve off irrigation out let   
 
 64 
 
Table A.10: Salient Features of the Gelgel Abay dam   
Item    Unit    Gabay Main Dam   
 Dam Type     
Zoned Shell Dam with central 
impervious core. 
 Crest elevation    m   1895.1 
 Length of earth dam    m   1230 
 River bed elevation    m   1837 
 Max height    m   62.1 
 Spillway type      overflow ogee type   
 Spillway crest elevation    m   1897.4(crest length 30m) 
 spillway gates    m   uncontrolled crest 
 Full supply level (FSL)    m   1892.1 
 Dead storage Level 
(DSL)    m   1860 
 Maximum Water level    m   1893.3 
 Maximum storage    mcm   360 
 Live storage    mcm   220 
 Maximum Submergence    ha   1670 
 Mean Depth of reservoir    m   29.25 
 Irrigation outlet works     
 3.0-m and 1m dia. steel lined 
conc. Conduit, right abutment   
 Diversion work & low 
level outlet     
4-m gated conduit on left bank 
of river   
 Design discharge of 
outlet works    m3/s   31 
 Drainage area about dam 
site    km2   2044 
 Catchment yield    mcm   2120 
 Design flood (inflow to 
reservoir)    m3/s    1:10000 yr (6951)   
 Compensation flow 
facilities     
 600mm dia. Steel pipe & 
control valve off irrigation out 
let   
 
A.3.2 Reservoir characteristics curves 
The relationship between reservoir level, area and capacity is the fundamental information 
about reservoir characteristics. Data related to level area and volume of the three reservoirs 
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was obtained from MoWIE database. Figures A.5-A.7 are characteristics curves for the three 
reservoirs. 
 
 
Figure A.1: Jemma Reservoir Characteristics (Level Area and Volume relationship) curve. 
Source WWDSE 
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Figure A.2: Koga Reservoir Characteristics (Level Area and Volume relationship) curve. 
Source WWDSE 
 
 
 
 
 
 
 
 
 
  
Figure A.3: Gelgel Abay Reservoir Characteristics (Level Area and Volume relationship) 
curve. Source WWDSE 
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APPENDIX B 
MODEL RESULTS FOR THE THERR RESERVOIRS 
The simulation results maintained from MIKE HYDRO model includes Met Irrigation Water 
Demands, Demand Deficits and Reservoir elevations based on the simulated releases for the 
three reservoirs. 
B.1 Results for Met Demand  
The results obtained from MIKE HYDRO simulation regarding met demand is shown in table 
B.1-B.3.  
Table B.1 Koga Irrigation Scheme monthly Met Demand in m3/s 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1984 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.28 0.00 
1985 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
1986 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
1987 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
1988 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.28 0.00 
1989 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
1990 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
1991 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
1992 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.28 0.00 
1993 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
1994 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
1995 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
1996 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.28 0.00 
1997 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
1998 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
1999 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
2000 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.28 0.00 
2001 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
2002 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
2003 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
2004 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.28 0.00 
2005 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
2006 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
2007 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
2008 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.28 0.00 
2009 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
2010 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
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2011 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
2012 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.28 0.00 
2013 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
2014 2.95 7.10 8.91 6.63 0.65 0.00 0.00 0.00 2.43 5.60 1.58 0.00 
 
Table B.2 Jemma Irrigation Scheme monthly Met Demand in m3/s 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1984 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 3.80 1.72 0 
1985 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.59 0 
1986 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.59 0 
1987 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.59 0 
1988 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 3.80 1.72 0 
1989 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.59 0 
1990 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.59 0 
1991 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.59 0 
1992 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 3.80 1.72 0 
1993 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.59 0 
1994 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.59 0 
1995 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.59 0 
1996 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 3.80 1.72 0 
1997 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.59 0 
1998 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.59 0 
1999 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.59 0 
2000 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 3.80 1.59 0 
2001 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.59 0 
2002 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.59 0 
2003 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.72 0 
2004 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 3.80 1.59 0 
2005 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.59 0 
2006 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.59 0 
2007 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.72 0 
2008 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 3.80 1.59 0 
2009 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.59 0 
2010 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.59 0 
2011 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.72 0 
2012 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 3.80 1.59 0 
2013 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.72 0 
2014 3.84 9.23 11.58 8.62 0.85 0 0 0 3.16 4.12 1.72 0 
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Table B.3 Gelgel Abay Irrigation Scheme monthly Met Demand in m3/s 
 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1984 10.35 15.47 12.97 5.68 0.00 0.00 0.00 0.00 7.47 11.40 9.51 3.41 
1985 10.35 15.47 12.97 5.68 0.00 0.00 0.00 0.00 7.47 11.40 9.51 9.94 
1986 10.35 15.47 12.97 5.68 0.00 0.00 0.00 0.00 7.47 11.40 9.51 9.94 
1987 10.35 15.47 12.97 5.68 2.95 0.00 0.00 0.00 7.47 11.40 9.51 9.94 
1988 10.35 15.47 12.97 5.68 0.00 0.00 0.00 0.00 7.47 11.40 9.51 7.30 
1989 10.35 15.47 12.97 5.68 0.00 0.00 0.00 0.00 7.47 11.40 9.51 9.94 
1990 10.35 15.47 12.97 5.68 0.00 0.00 0.00 0.00 7.47 11.40 9.51 2.62 
1991 10.35 15.47 12.97 5.68 0.00 0.00 0.00 0.00 7.47 11.40 9.51 9.94 
1992 10.35 15.47 12.97 5.68 2.55 0.00 0.00 0.00 7.47 5.03 0.00 0.00 
1993 10.35 15.47 12.97 5.68 0.00 0.00 0.00 0.00 7.47 7.61 0.00 0.00 
1994 10.35 15.47 12.97 5.68 0.00 0.00 0.00 0.00 7.47 9.67 0.00 0.00 
1995 10.35 15.47 12.97 5.68 0.00 0.00 0.00 0.00 7.47 11.40 0.00 0.00 
1996 10.35 15.47 12.97 5.68 0.00 0.00 0.00 0.00 7.47 11.40 0.00 0.00 
1997 10.35 15.47 12.97 5.68 0.00 0.00 0.00 0.00 7.47 8.24 0.00 0.00 
1998 10.35 15.47 12.97 5.68 0.65 0.00 0.00 0.00 7.47 11.40 0.00 0.00 
1999 10.35 15.47 12.97 5.68 0.00 0.00 0.00 0.00 7.47 11.40 9.51 9.94 
2000 10.35 15.47 12.97 5.68 0.94 0.00 0.00 0.00 7.47 11.40 3.92 0.00 
2001 10.35 15.47 12.97 5.68 0.00 0.00 0.00 0.00 7.47 11.40 2.08 0.00 
2002 10.35 15.47 12.97 5.68 0.00 0.00 0.00 0.00 7.47 11.40 9.51 7.58 
2003 10.35 15.47 12.97 5.68 2.50 0.00 0.00 0.00 7.47 11.40 9.51 0.00 
2004 10.35 15.47 12.97 5.68 3.41 0.00 0.00 0.00 7.47 11.40 9.51 9.94 
2005 10.35 15.47 12.97 5.68 0.07 0.00 0.00 0.00 7.47 11.40 9.51 0.00 
2006 10.35 15.47 12.97 5.68 0.00 0.00 0.00 0.00 7.47 11.40 9.51 9.94 
2007 10.35 15.47 12.97 5.68 0.44 0.00 0.00 0.00 7.47 11.40 9.51 9.94 
2008 10.35 15.47 12.97 5.68 1.03 0.00 0.00 0.00 7.47 11.40 9.51 9.94 
2009 10.35 15.47 12.97 5.68 0.75 0.00 0.00 0.00 7.47 11.40 9.51 9.94 
2010 10.35 15.47 12.97 5.68 2.47 0.00 0.00 0.00 7.47 11.40 9.51 9.94 
2011 10.35 15.47 12.97 5.68 1.87 0.00 0.00 0.00 7.47 11.40 9.51 9.94 
2012 10.35 15.47 12.97 5.68 1.30 0.00 0.00 0.00 7.47 11.40 9.51 9.94 
2013 10.35 15.47 12.97 5.68 0.17 0.00 0.00 0.00 7.47 11.40 9.51 0.76 
2014 10.35 15.47 12.97 5.68 0.00 0.00 0.00 0.00 7.47 11.40 9.51 9.94 
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B.2 Results for Demand Deficit 
Table B.4-B.6 shows the Demand Deficit for the three irrigation schemes..  
Table B.4 Koga Irrigation Scheme monthly Demand Deficit in m3/s 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1984 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.69 0.60 
1985 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
1986 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
1987 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
1988 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.69 0.60 
1989 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
1990 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
1991 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
1992 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.69 0.60 
1993 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
1994 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
1995 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
1996 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.69 0.60 
1997 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
1998 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
1999 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
2000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.69 0.60 
2001 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
2002 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
2003 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
2004 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.69 0.60 
2005 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
2006 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
2007 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
2008 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.69 0.60 
2009 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
2010 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
2011 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
2012 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.69 0.60 
2013 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
2014 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.39 0.60 
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Table B.5 Jemma Irrigation Scheme monthly Demand Deficit in m3/s 
 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1984 0 0 0 0 0 0 0 0 0 3.48 2.14 0.78 
1985 0 0 0 0 0 0 0 0 0 3.16 2.27 0.78 
1986 0 0 0 0 0 0 0 0 0 3.16 2.27 0.78 
1987 0 0 0 0 0 0 0 0 0 3.16 2.27 0.78 
1988 0 0 0 0 0 0 0 0 0 3.48 2.14 0.78 
1989 0 0 0 0 0 0 0 0 0 3.16 2.27 0.78 
1990 0 0 0 0 0 0 0 0 0 3.16 2.27 0.78 
1991 0 0 0 0 0 0 0 0 0 3.16 2.27 0.78 
1992 0 0 0 0 0 0 0 0 0 3.48 2.14 0.78 
1993 0 0 0 0 0 0 0 0 0 3.16 2.27 0.78 
1994 0 0 0 0 0 0 0 0 0 3.16 2.27 0.78 
1995 0 0 0 0 0 0 0 0 0 3.16 2.27 0.78 
1996 0 0 0 0 0 0 0 0 0 3.48 2.14 0.78 
1997 0 0 0 0 0 0 0 0 0 3.16 2.27 0.78 
1998 0 0 0 0 0 0 0 0 0 3.16 2.27 0.78 
1999 0 0 0 0 0 0 0 0 0 3.16 2.27 0.78 
2000 0 0 0 0 0 0 0 0 0 3.48 2.27 0.78 
2001 0 0 0 0 0 0 0 0 0 3.16 2.27 0.78 
2002 0 0 0 0 0 0 0 0 0 3.16 2.27 0.78 
2003 0 0 0 0 0 0 0 0 0 3.16 2.14 0.78 
2004 0 0 0 0 0 0 0 0 0 3.48 2.27 0.78 
2005 0 0 0 0 0 0 0 0 0 3.16 2.27 0.78 
2006 0 0 0 0 0 0 0 0 0 3.16 2.27 0.78 
2007 0 0 0 0 0 0 0 0 0 3.16 2.14 0.78 
2008 0 0 0 0 0 0 0 0 0 3.48 2.27 0.78 
2009 0 0 0 0 0 0 0 0 0 3.16 2.27 0.78 
2010 0 0 0 0 0 0 0 0 0 3.16 2.27 0.78 
2011 0 0 0 0 0 0 0 0 0 3.16 2.14 0.78 
2012 0 0 0 0 0 0 0 0 0 3.48 2.27 0.78 
2013 0 0 0 0 0 0 0 0 0 3.16 2.14 0.78 
2014 0 0 0 0 0 0 0 0 0 3.16 2.14 0.78 
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Table B.6 Gelgel Abay Irrigation Scheme monthly Demand Deficit in m3/s 
 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1984 0.00 0.00 0.00 0.00 3.41 0.00 0.00 0.00 0.00 0.00 0.00 6.53 
1985 0.00 0.00 0.00 0.00 3.41 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1986 0.00 0.00 0.00 0.00 3.41 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1987 0.00 0.00 0.00 0.00 0.46 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1988 0.00 0.00 0.00 0.00 3.41 0.00 0.00 0.00 0.00 0.00 0.00 2.64 
1989 0.00 0.00 0.00 0.00 3.41 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1990 0.00 0.00 0.00 0.00 3.41 0.00 0.00 0.00 0.00 0.00 0.00 7.32 
1991 0.00 0.00 0.00 0.00 3.41 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1992 0.00 0.00 0.00 0.00 0.86 0.00 0.00 0.00 0.00 6.37 9.51 9.94 
1993 0.00 0.00 0.00 0.00 3.41 0.00 0.00 0.00 0.00 3.79 9.51 9.94 
1994 0.00 0.00 0.00 0.00 3.41 0.00 0.00 0.00 0.00 1.73 9.51 9.94 
1995 0.00 0.00 0.00 0.00 3.41 0.00 0.00 0.00 0.00 0.00 9.51 9.94 
1996 0.00 0.00 0.00 0.00 3.41 0.00 0.00 0.00 0.00 0.00 9.51 9.94 
1997 0.00 0.00 0.00 0.00 3.41 0.00 0.00 0.00 0.00 3.16 9.51 9.94 
1998 0.00 0.00 0.00 0.00 2.76 0.00 0.00 0.00 0.00 0.00 9.51 9.94 
1999 0.00 0.00 0.00 0.00 3.41 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2000 0.00 0.00 0.00 0.00 2.47 0.00 0.00 0.00 0.00 0.00 5.59 9.94 
2001 0.00 0.00 0.00 0.00 3.41 0.00 0.00 0.00 0.00 0.00 7.43 9.94 
2002 0.00 0.00 0.00 0.00 3.41 0.00 0.00 0.00 0.00 0.00 0.00 2.36 
2003 0.00 0.00 0.00 0.00 0.91 0.00 0.00 0.00 0.00 0.00 0.00 9.94 
2004 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2005 0.00 0.00 0.00 0.00 3.34 0.00 0.00 0.00 0.00 0.00 0.00 9.94 
2006 0.00 0.00 0.00 0.00 3.41 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2007 0.00 0.00 0.00 0.00 2.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2008 0.00 0.00 0.00 0.00 2.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2009 0.00 0.00 0.00 0.00 2.66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2010 0.00 0.00 0.00 0.00 0.94 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2011 0.00 0.00 0.00 0.00 1.54 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2012 0.00 0.00 0.00 0.00 2.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2013 0.00 0.00 0.00 0.00 3.24 0.00 0.00 0.00 0.00 0.00 0.00 9.18 
2014 0.00 0.00 0.00 0.00 3.41 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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B.3 Results for Optimized Reservoir Release 
The tables (B.7-B.9) in the following section shows the optimized reservoir release curves  
Table B.7 Reservoir elevation in (m) that describe Koga Reservoir Release 
 
 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1984 2015.1 2014.9 2014.2 2013.1 2012.0 2011.9 2012.2 2013.3 2015.1 2015.1 2015.0 2014.8 
1985 2014.8 2014.9 2014.3 2013.2 2012.2 2012.2 2012.4 2013.8 2015.1 2015.1 2015.1 2015.0 
1986 2015.0 2014.9 2014.3 2013.3 2012.3 2012.2 2012.5 2014.6 2015.1 2015.1 2015.1 2015.1 
1987 2015.1 2014.9 2014.3 2013.4 2012.4 2012.5 2013.3 2014.9 2015.1 2015.1 2015.0 2015.0 
1988 2015.0 2014.9 2014.3 2013.3 2012.2 2012.1 2012.4 2013.8 2015.1 2015.1 2015.1 2015.1 
1989 2015.1 2014.9 2014.3 2013.2 2012.1 2012.0 2012.6 2014.6 2015.1 2015.1 2015.1 2015.0 
1990 2015.1 2014.9 2014.3 2013.2 2012.2 2012.2 2012.4 2013.6 2015.0 2015.1 2015.1 2015.0 
1991 2015.0 2014.9 2014.2 2013.2 2012.2 2012.1 2012.6 2014.5 2015.1 2015.1 2014.9 2014.8 
1992 2014.9 2015.0 2014.4 2013.5 2012.5 2012.4 2012.7 2013.3 2014.6 2015.0 2014.5 2014.3 
1993 2014.3 2014.9 2014.2 2013.2 2012.1 2011.9 2012.1 2012.7 2014.2 2014.6 2014.3 2014.2 
1994 2014.2 2014.9 2014.2 2013.2 2012.1 2012.0 2012.3 2012.9 2014.3 2014.7 2014.5 2014.3 
1995 2014.3 2014.9 2014.2 2013.1 2012.1 2011.9 2012.5 2013.8 2014.8 2015.1 2014.8 2014.5 
1996 2014.5 2014.9 2014.2 2013.1 2012.0 2011.8 2012.1 2013.1 2014.5 2015.0 2014.8 2014.6 
1997 2014.6 2014.9 2014.2 2013.1 2012.0 2011.7 2012.1 2013.1 2014.1 2014.5 2014.3 2014.1 
1998 2014.1 2014.9 2014.3 2013.3 2012.2 2012.3 2012.9 2013.9 2014.7 2015.1 2014.8 2014.7 
1999 2014.7 2014.9 2014.3 2013.3 2012.2 2012.1 2012.5 2014.1 2015.1 2015.1 2015.1 2015.1 
2000 2015.1 2015.0 2014.3 2013.4 2012.3 2012.3 2012.9 2014.1 2015.1 2015.1 2014.9 2014.8 
2001 2014.8 2014.9 2014.3 2013.3 2012.2 2012.2 2012.4 2013.4 2015.0 2015.1 2014.9 2014.8 
2002 2014.8 2014.9 2014.3 2013.2 2012.2 2012.2 2012.5 2013.9 2015.1 2015.1 2014.9 2014.9 
2003 2014.9 2015.0 2014.4 2013.4 2012.5 2012.4 2012.7 2013.7 2015.0 2015.1 2015.1 2015.1 
2004 2015.1 2015.0 2014.5 2013.6 2012.6 2012.6 2013.2 2014.8 2015.1 2015.1 2015.1 2015.1 
2005 2015.1 2014.9 2014.3 2013.3 2012.3 2012.2 2012.7 2013.8 2015.1 2015.1 2014.9 2014.8 
2006 2014.8 2014.9 2014.3 2013.2 2012.2 2012.1 2012.5 2013.7 2015.1 2015.1 2015.1 2015.1 
2007 2015.1 2014.9 2014.2 2013.2 2012.2 2012.3 2013.4 2015.0 2015.1 2015.1 2015.1 2015.0 
2008 2015.1 2014.9 2014.3 2013.3 2012.3 2012.3 2013.0 2014.3 2015.1 2015.1 2015.0 2015.1 
2009 2015.1 2014.9 2014.3 2013.3 2012.2 2012.3 2012.7 2014.3 2015.1 2015.1 2015.1 2015.1 
2010 2015.1 2015.0 2014.4 2013.4 2012.4 2012.4 2013.2 2014.9 2015.1 2015.1 2015.1 2015.1 
2011 2015.1 2014.9 2014.3 2013.4 2012.4 2012.4 2012.8 2014.0 2015.1 2015.1 2015.1 2015.1 
2012 2015.1 2014.9 2014.3 2013.4 2012.4 2012.3 2013.2 2015.0 2015.1 2015.1 2015.0 2014.9 
2013 2014.9 2014.9 2014.3 2013.3 2012.3 2012.2 2012.6 2013.9 2015.1 2015.1 2014.9 2014.8 
2014 2014.8 2014.9 2014.2 2013.2 2012.1 2012.0 2012.3 2014.4 2015.1 2015.1 2015.1 2015.0 
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Table B.8 Reservoir elevation in (m) that describe Jemma Reservoir Release  
 
 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1984 2127.6 2125.9 2121.5 2114.2 2107.3 2106.8 2107.8 2113.1 2123.7 2125.8 2123.5 2122.0 
1985 2121.9 2126.0 2121.8 2114.8 2108.0 2108.1 2109.4 2117.2 2125.3 2127.6 2125.8 2124.6 
1986 2124.6 2126.1 2122.0 2115.2 2108.8 2108.3 2110.0 2121.9 2127.6 2127.6 2127.6 2127.0 
1987 2127.6 2126.1 2122.1 2115.5 2109.4 2109.7 2114.4 2121.9 2127.6 2127.6 2126.0 2125.4 
1988 2125.6 2126.1 2121.8 2115.0 2108.4 2107.8 2109.2 2115.9 2122.5 2124.7 2124.6 2123.3 
1989 2123.5 2126.0 2121.8 2114.6 2107.8 2107.2 2110.8 2120.7 2127.6 2127.6 2126.4 2125.6 
1990 2125.8 2126.1 2121.9 2115.0 2108.3 2108.0 2109.5 2114.7 2122.6 2125.6 2124.0 2122.5 
1991 2122.4 2126.0 2121.8 2114.7 2108.1 2107.6 2110.4 2120.3 2127.6 2127.6 2125.4 2124.6 
1992 2125.1 2126.4 2122.4 2115.9 2110.0 2109.5 2110.5 2112.5 2119.0 2120.2 2116.2 2114.1 
1993 2114.1 2126.0 2121.8 2114.7 2107.7 2107.0 2107.3 2110.0 2117.1 2118.3 2115.3 2113.6 
1994 2114.0 2126.0 2121.7 2114.7 2107.7 2107.0 2108.6 2111.0 2117.9 2119.1 2116.0 2114.1 
1995 2114.1 2126.0 2121.7 2114.5 2107.5 2106.8 2110.1 2115.4 2120.4 2121.7 2118.2 2116.1 
1996 2115.9 2125.9 2121.4 2114.1 2106.9 2106.3 2107.9 2112.6 2119.2 2120.6 2117.5 2115.9 
1997 2115.9 2126.0 2121.7 2114.4 2107.3 2106.3 2107.8 2112.3 2116.5 2117.9 2115.0 2112.9 
1998 2113.0 2126.0 2121.9 2115.2 2108.6 2108.8 2111.8 2115.9 2120.1 2120.9 2118.1 2116.6 
1999 2116.8 2126.2 2122.0 2115.2 2108.4 2107.9 2109.9 2117.4 2123.2 2125.6 2124.7 2123.8 
2000 2124.2 2126.3 2122.1 2115.4 2109.1 2108.8 2111.5 2117.1 2122.6 2124.0 2121.4 2120.0 
2001 2120.0 2126.0 2121.9 2115.1 2108.5 2108.1 2109.2 2113.7 2121.7 2123.3 2120.6 2119.1 
2002 2119.1 2126.1 2121.9 2114.8 2108.4 2108.1 2110.0 2116.2 2123.8 2126.4 2124.2 2123.2 
2003 2123.7 2126.3 2122.3 2115.7 2109.7 2109.5 2110.7 2114.9 2121.4 2123.3 2122.1 2121.8 
2004 2122.5 2126.6 2122.7 2116.1 2110.4 2110.2 2112.7 2120.2 2126.4 2127.6 2126.8 2126.4 
2005 2126.7 2126.2 2122.1 2115.2 2108.7 2108.3 2110.4 2115.0 2121.7 2125.1 2122.6 2121.5 
2006 2121.7 2126.1 2121.9 2114.9 2108.3 2107.8 2109.7 2114.2 2127.6 2127.6 2127.6 2127.6 
2007 2127.6 2126.0 2121.8 2114.7 2108.0 2108.5 2113.5 2121.3 2127.6 2127.6 2126.6 2125.8 
2008 2126.1 2126.2 2122.0 2115.2 2108.7 2108.8 2111.8 2117.4 2124.0 2125.6 2124.0 2124.4 
2009 2124.8 2126.2 2122.0 2115.1 2108.5 2108.6 2110.5 2117.6 2125.1 2127.6 2127.6 2127.4 
2010 2127.6 2126.4 2122.4 2115.6 2109.5 2109.4 2112.6 2120.7 2127.6 2127.6 2127.6 2127.2 
2011 2127.6 2126.2 2122.2 2115.4 2109.3 2109.2 2111.0 2116.1 2127.3 2127.6 2127.6 2127.6 
2012 2127.6 2126.2 2122.1 2115.3 2109.1 2108.9 2112.5 2121.5 2127.6 2127.6 2125.7 2124.9 
2013 2125.1 2126.2 2122.1 2115.3 2108.9 2108.4 2110.3 2115.2 2123.7 2125.6 2123.3 2122.1 
2014 2122.1 2126.0 2121.8 2114.7 2107.8 2107.1 2108.6 2118.4 2127.6 2127.6 2126.8 2125.9 
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Table B.9 Reservoir elevation in (m) that describe Gelgel Abay Reservoir Release  
 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1984 1892.0 1889.8 1886.6 1883.3 1881.6 1880.8 1887.5 1892.0 1892.0 1892.0 1892.0 1891.5 
1985 1890.3 1890.0 1887.0 1883.9 1882.1 1882.9 1892.0 1892.0 1892.0 1892.0 1891.4 1889.6 
1986 1888.0 1889.7 1886.5 1883.2 1881.4 1879.2 1883.3 1892.0 1892.0 1892.0 1892.0 1892.0 
1987 1892.0 1890.1 1887.3 1884.3 1882.8 1881.7 1889.9 1892.0 1892.0 1892.0 1892.0 1892.0 
1988 1891.0 1890.0 1886.9 1883.9 1882.2 1880.4 1888.4 1892.0 1892.0 1892.0 1892.0 1892.0 
1989 1891.0 1890.0 1886.9 1883.9 1882.4 1880.6 1885.5 1892.0 1892.0 1892.0 1892.0 1891.3 
1990 1890.6 1890.1 1887.1 1883.8 1882.1 1880.4 1886.0 1892.0 1892.0 1892.0 1892.0 1892.0 
1991 1891.1 1890.1 1887.3 1884.3 1883.1 1881.5 1889.3 1892.0 1892.0 1892.0 1892.0 1890.7 
1992 1889.5 1889.9 1886.6 1883.2 1881.4 1880.3 1885.1 1892.0 1892.0 1892.0 1892.0 1890.4 
1993 1889.1 1889.9 1887.0 1884.3 1882.7 1881.0 1887.0 1892.0 1892.0 1892.0 1892.0 1890.3 
1994 1889.0 1889.8 1886.5 1883.1 1881.1 1879.2 1883.0 1892.0 1892.0 1892.0 1892.0 1892.0 
1995 1890.5 1889.8 1886.6 1883.2 1881.3 1879.3 1891.2 1892.0 1892.0 1892.0 1891.2 1889.2 
1996 1887.2 1889.7 1886.2 1882.7 1881.0 1880.1 1887.9 1892.0 1892.0 1892.0 1891.9 1889.7 
1997 1888.0 1889.7 1886.5 1883.2 1881.3 1878.8 1884.2 1892.0 1892.0 1892.0 1892.0 1890.1 
1998 1888.6 1889.7 1886.3 1882.8 1881.0 1880.5 1891.6 1892.0 1892.0 1892.0 1892.0 1892.0 
1999 1890.7 1889.9 1886.9 1883.6 1881.7 1879.9 1885.8 1892.0 1892.0 1892.0 1892.0 1891.9 
2000 1890.6 1889.8 1886.4 1883.1 1881.5 1880.4 1887.7 1892.0 1892.0 1892.0 1892.0 1890.4 
2001 1889.2 1889.8 1886.6 1883.2 1881.3 1879.2 1881.4 1892.0 1892.0 1892.0 1892.0 1889.8 
2002 1887.8 1889.6 1886.2 1882.5 1881.2 1880.4 1889.7 1892.0 1892.0 1892.0 1892.0 1890.2 
2003 1888.6 1889.7 1886.4 1882.8 1881.3 1880.3 1886.0 1892.0 1892.0 1892.0 1892.0 1892.0 
2004 1891.4 1889.9 1886.6 1883.4 1882.2 1881.3 1892.0 1892.0 1892.0 1892.0 1892.0 1892.0 
2005 1890.8 1889.8 1886.5 1883.1 1881.2 1880.2 1889.9 1892.0 1892.0 1892.0 1889.3 1886.8 
2006 1884.9 1889.6 1886.1 1882.5 1880.6 1879.5 1889.4 1892.0 1892.0 1892.0 1892.0 1890.7 
2007 1889.7 1889.6 1886.1 1883.0 1881.3 1882.8 1892.0 1892.0 1892.0 1892.0 1892.0 1892.0 
2008 1892.0 1889.5 1885.8 1882.0 1880.1 1880.6 1892.0 1892.0 1892.0 1892.0 1892.0 1892.0 
2009 1891.5 1889.7 1886.3 1882.7 1880.6 1880.2 1890.4 1892.0 1892.0 1892.0 1892.0 1892.0 
2010 1890.7 1889.6 1886.1 1882.3 1880.3 1879.2 1890.5 1892.0 1892.0 1892.0 1892.0 1892.0 
2011 1890.8 1889.6 1886.0 1882.3 1880.6 1879.0 1888.1 1892.0 1892.0 1892.0 1892.0 1892.0 
2012 1891.2 1889.6 1886.0 1882.3 1880.4 1878.8 1892.0 1892.0 1892.0 1892.0 1891.8 1890.6 
2013 1889.0 1889.5 1885.9 1882.1 1880.0 1877.0 1885.2 1892.0 1892.0 1892.0 1890.4 1888.3 
2014 1886.0 1889.4 1885.7 1881.8 1879.5 1876.4 1884.6 1892.0 1892.0 1892.0 1892.0 1889.8 
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B.4 Result on Downstream Releases 
This section shows the total downstream releases that is riparian releases and spills from the 
three reservoirs. Most of the spill is occurring in the months of July – October. And also most of 
the spill is generated from Gelgel Abay reservoir. 
Table B.10 Gelgel Abay Reservoir monthly total Downstream Release in m3/s. 
 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1984 6.7 5.9 4.4 3.8 7.8 0.0 57.7 199.0 163.5 66.3 15.1 6.0 
1985 6.7 5.9 4.4 3.8 7.8 15.2 180.5 201.1 162.8 33.4 15.1 6.0 
1986 6.7 5.9 4.4 3.8 7.8 0.0 112.6 276.2 236.4 64.1 18.2 6.6 
1987 6.7 5.9 4.4 3.8 7.8 0.0 126.7 258.0 160.8 35.1 19.3 6.0 
1988 6.7 5.9 4.4 3.8 7.8 0.0 136.6 209.9 153.0 69.4 20.4 6.0 
1989 6.7 5.9 4.4 3.8 7.8 0.0 80.9 191.9 216.6 87.9 15.1 6.0 
1990 6.7 5.9 4.4 3.8 7.8 0.0 78.1 195.8 181.5 59.0 19.5 6.0 
1991 6.7 5.9 4.4 3.8 7.8 0.0 151.5 254.3 162.6 38.6 15.1 6.0 
1992 6.7 5.9 4.4 3.8 7.8 0.0 159.2 230.5 170.5 53.6 15.1 6.0 
1993 6.7 5.9 4.4 3.8 7.8 0.0 119.4 193.7 141.6 54.7 15.1 6.0 
1994 6.7 5.9 4.4 3.8 7.8 0.0 39.0 210.2 138.4 62.6 20.0 6.0 
1995 6.7 5.9 4.4 3.8 7.8 0.0 133.1 205.1 152.2 33.4 15.1 6.0 
1996 6.7 5.9 4.4 3.8 7.8 0.0 102.5 249.8 173.1 33.4 15.1 6.0 
1997 6.7 5.9 4.4 3.8 7.8 0.0 73.5 146.8 129.6 44.1 15.1 6.0 
1998 6.7 5.9 4.4 3.8 7.8 0.0 115.3 168.2 126.3 57.2 15.8 6.0 
1999 6.7 5.9 4.4 3.8 7.8 0.0 104.0 206.5 169.4 73.8 15.1 6.0 
2000 6.7 5.9 4.4 3.8 7.8 0.0 150.6 234.0 151.4 45.8 15.1 6.0 
2001 6.7 5.9 4.4 3.8 7.8 0.0 34.0 185.8 129.3 45.2 15.1 6.0 
2002 6.7 5.9 4.4 3.8 7.8 0.0 169.7 216.0 184.1 38.0 15.1 6.0 
2003 6.7 5.9 4.4 3.8 7.8 0.0 77.5 176.5 171.9 84.4 26.4 6.0 
2004 6.7 5.9 4.4 3.8 7.8 15.7 177.8 189.3 169.0 85.1 23.6 6.0 
2005 6.7 5.9 4.4 3.8 7.8 0.0 133.1 179.7 135.1 33.4 15.1 6.0 
2006 6.7 5.9 4.4 3.8 7.8 0.0 65.0 312.5 286.5 45.4 15.1 6.0 
2007 6.7 5.9 4.4 3.8 7.8 30.8 193.2 244.9 169.8 71.4 70.9 35.0 
2008 6.7 5.9 4.4 3.8 7.8 6.2 145.3 203.1 132.2 51.3 40.5 6.0 
2009 6.7 5.9 4.4 3.8 7.8 0.0 130.6 194.9 166.0 102.4 15.5 6.0 
2010 6.7 5.9 4.4 3.8 7.8 0.0 133.6 210.1 149.9 123.2 18.0 6.0 
2011 6.7 5.9 4.4 3.8 7.8 0.0 120.4 213.1 146.5 120.6 53.3 6.0 
2012 6.7 5.9 4.4 3.8 7.8 0.0 136.0 246.7 147.5 33.4 15.1 6.0 
2013 6.7 5.9 4.4 3.8 7.8 0.0 88.8 180.9 112.4 33.4 15.1 6.0 
2014 6.7 5.9 4.4 3.8 7.8 0.0 134.9 199.4 199.0 36.8 15.1 6.0 
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Table B.11 Koga Reservoir monthly total Downstream Release in m3/s. 
 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1984 0.40 0.40 0.30 0.26 0.30 0.00 0.00 1.44 8.86 1.00 0.60 0.30 
1985 0.40 0.40 0.30 0.26 0.30 0.00 0.00 5.85 12.28 1.00 0.60 0.30 
1986 0.40 0.40 0.30 0.26 0.30 0.00 0.00 31.02 28.76 6.38 1.28 2.28 
1987 0.40 0.40 0.30 0.26 0.30 0.00 0.00 21.71 12.17 1.00 0.60 0.30 
1988 0.40 0.40 0.30 0.26 0.30 0.00 0.00 0.00 7.19 3.28 0.60 0.30 
1989 0.40 0.40 0.30 0.26 0.30 0.00 0.00 12.67 12.56 1.36 0.60 0.30 
1990 0.40 0.40 0.30 0.26 0.30 0.00 0.00 0.00 8.83 1.00 0.60 0.30 
1991 0.40 0.40 0.30 0.26 0.30 0.00 0.00 13.42 4.97 1.00 0.60 0.30 
1992 0.40 0.40 0.30 0.26 0.30 0.00 0.00 0.00 0.00 1.00 0.60 0.30 
1993 0.40 0.40 0.30 0.26 0.30 0.00 0.00 0.00 0.00 1.00 0.60 0.30 
1994 0.40 0.40 0.30 0.26 0.30 0.00 0.00 0.00 0.00 1.00 0.60 0.30 
1995 0.40 0.40 0.30 0.26 0.30 0.00 0.00 0.00 1.20 1.00 0.60 0.30 
1996 0.40 0.40 0.30 0.26 0.30 0.00 0.00 0.00 0.00 1.00 0.60 0.30 
1997 0.40 0.40 0.30 0.26 0.30 0.00 0.00 0.00 0.00 1.00 0.60 0.30 
1998 0.40 0.40 0.30 0.26 0.30 0.00 0.00 0.00 0.00 1.00 0.60 0.30 
1999 0.40 0.40 0.30 0.26 0.30 0.00 0.00 2.25 7.60 1.69 0.60 0.44 
2000 0.40 0.40 0.30 0.26 0.30 0.00 0.00 0.56 5.61 1.00 0.60 0.30 
2001 0.40 0.40 0.30 0.26 0.30 0.00 0.00 0.00 3.93 1.00 0.60 0.30 
2002 0.40 0.40 0.30 0.26 0.30 0.00 0.00 2.94 9.16 1.00 0.60 0.30 
2003 0.40 0.40 0.30 0.26 0.30 0.00 0.00 0.00 4.60 1.00 1.38 1.60 
2004 0.40 0.40 0.30 0.26 0.30 0.00 0.00 11.71 9.51 1.69 0.60 0.88 
2005 0.40 0.40 0.30 0.26 0.30 0.00 0.00 0.00 9.35 1.00 0.60 0.30 
2006 0.40 0.40 0.30 0.26 0.30 0.00 0.00 70.98 79.25 14.65 4.11 2.48 
2007 0.40 0.40 0.30 0.26 0.30 0.00 0.00 20.44 10.95 1.09 0.60 0.30 
2008 0.40 0.40 0.30 0.26 0.30 0.00 0.00 5.22 5.64 1.00 1.71 1.03 
2009 0.40 0.40 0.30 0.26 0.30 0.00 0.00 7.55 11.79 6.40 1.19 1.53 
2010 0.40 0.40 0.30 0.26 0.30 0.00 0.00 15.87 9.53 6.06 0.68 1.71 
2011 0.40 0.40 0.30 0.26 0.30 0.00 0.00 13.17 8.46 8.63 3.42 1.31 
2012 0.40 0.40 0.30 0.26 0.30 0.00 0.00 26.14 7.50 1.00 0.60 0.30 
2013 0.40 0.40 0.30 0.26 0.30 0.00 0.00 4.37 6.10 1.00 0.60 0.30 
2014 0.40 0.40 0.30 0.26 0.30 0.00 0.00 16.16 13.67 1.81 0.60 0.30 
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Table B.12 Jemma Reservoir monthly total Downstream Release in m3/s. 
 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1984 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 0.00 0.84 0.51 0.25 
1985 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 3.54 0.84 0.51 0.25 
1986 0.34 0.34 0.25 0.22 0.25 0.00 0.00 18.94 20.33 2.19 0.51 0.76 
1987 0.34 0.34 0.25 0.22 0.25 0.00 0.00 8.64 7.35 0.84 0.51 0.25 
1988 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 0.00 0.84 0.51 0.25 
1989 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.47 8.84 0.84 0.51 0.25 
1990 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 0.00 0.84 0.51 0.25 
1991 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.34 2.44 0.84 0.51 0.25 
1992 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 0.00 0.84 0.51 0.25 
1993 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 0.00 0.84 0.51 0.25 
1994 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 0.00 0.84 0.51 0.25 
1995 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 0.00 0.84 0.51 0.25 
1996 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 0.00 0.84 0.51 0.25 
1997 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 0.00 0.84 0.51 0.25 
1998 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 0.00 0.84 0.51 0.25 
1999 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 0.00 0.84 0.51 0.25 
2000 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 0.00 0.84 0.51 0.25 
2001 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 0.00 0.84 0.51 0.25 
2002 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 0.00 0.84 0.51 0.25 
2003 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 0.00 0.84 0.51 0.25 
2004 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 4.29 0.84 0.51 0.25 
2005 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 0.00 0.84 0.51 0.25 
2006 0.34 0.34 0.25 0.22 0.25 0.00 0.00 45.42 66.60 11.04 2.64 2.30 
2007 0.34 0.34 0.25 0.22 0.25 0.00 0.00 4.84 7.94 0.84 0.51 0.25 
2008 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 0.00 0.84 0.51 0.25 
2009 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 2.89 2.98 0.51 0.93 
2010 0.34 0.34 0.25 0.22 0.25 0.00 0.00 1.44 6.63 2.69 0.51 0.66 
2011 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 4.99 4.85 1.90 1.22 
2012 0.34 0.34 0.25 0.22 0.25 0.00 0.00 9.98 4.93 0.84 0.51 0.25 
2013 0.34 0.34 0.25 0.22 0.25 0.00 0.00 0.00 0.00 0.84 0.51 0.25 
2014 0.34 0.34 0.25 0.22 0.25 0.00 0.00 1.85 10.12 0.84 0.51 0.25 
 
 
 
 
